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ABSTRACT 

Mathematical analysis of circuit operation for harmonic- 
neutralized, static inverters operating in parallel have been 
developed and experimentally verified. Inverters can be operated 
in parallel provided that: (a) all inverters operate at exactly 
the same frequency; (b) the internal voltages of all inverters 
are in phase at all times; 
voltages are the same; and (d) circuit provisions in each 
inverter insure load division. Static converters can be operated 
in parallel provided that: (a) all converters have the same 
nominal regulated output voltage, and (b) circuit provisions 
are provided in each voltage regulator circuit to cause the 
converters to share load current. 

(c) all nominal regulated output 
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PREFACE 

The work described herein was done at the Aerospace Electrical Division, Westing- 
house Electric Corporation, under NASA Contract NAS3-2792. Mr. Francis m u r a s h ,  
Space Power Systems Division, NASA-Lewis Research Center, was the Project Manager 
for NASA. The entire program, "Parallel Operation of Static Inverters and Converters 
and Evaluation of Magnetic Materials, '' is described in five reports: 

circuit conditions that must exist for operating static inverters and static converters in 
parallel (NASA CR-1224). 

tally verifies the electrical control and protection circuits necessary for isolating faulted 
inverters and converters from a parallel system while maintaining continuity of high- 
quality electric power to load equipment (NASA CR-1225). 

magnetic characteristics of improved materials for magnetic components as applied in 
advanced static inverters or  static converters (NASA CR-1226). 

assesses the characteristics of static electrical switches for  both a c  and dc systems, 
defines the characteristics of a load programmer for maintaining power to the critical 
system loads, and provides an annunciator function for displaying inverter and/or con- 
verter operating conditions (NASA CR-72454). 

"Parallel Operation of Static Inverters and Converters and Evaluation of Magnetic 
Materials" is the summary report (NASA CR-72455). 

' ' Inverter - C onve rte r Parallel Ope ration' ' defines and experimentally verifies the 

"Inverter-Converter Automatic Paralleling and Protection'' defines and experimen- 

"Evaluation of Magnetic Materials for Static Inverters and Converters'' defines the 

"Load Programmers, Static Switches, and Annunciator for Inverters and Converters" 
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INVERTER-CONVERTER P A R A L L E L  OPERATION 

by G . W .  Ernsberger, H . R .  Howell, J.L. Klingenberger 

SUMMARY 

Mathematical a n a l y s i s  of c i r c u i t  opera t ion  f o r  harmonic- 
neu t r a l i zed ,  s ta t ic  i n v e r t e r s  opera t ing  i n  p a r a l l e l  have been 
developed and experimental ly  v e r i f i e d .  A p a r a l l e l  system using 
t w o  75O-VA, 3-phasef 400-Hz harmonic-neutralized i n v e r t e r s  w a s  
t e s t e d  t o  v e r i f y  a n a l y t i c a l  techniques.  T e s t s  w e r e  conducted 
t o  assess vo l t age  t r a n s i e n t s ,  vo l tage  r egu la t ion ,  frequency 
locking, phase locking,  real  and reactive load d i v i s i o n  wi th  
balanced and unbalanced three-phase loads,  real  and reactive 
load d i v i s i o n  wi th  unequal i n v e r t e r  i n p u t  vo l tages ,  and real 
and reactive load d i v i s i o n  during induct ion  motor s t a r t i n g .  
These t e s t  d a t a  confirmed t h a t  s t a t i c  i n v e r t e r s  can be operated 
i n  p a r a l l e l  provided t h a t :  (a) a l l  i n v e r t e r s  opera te  a t  
exac t ly  t h e  s a m e  frequency; (b) t h e  i n t e r n a l  vo l tages  of a l l  
i n v e r t e r s  are i n  phase wi th  each o t h e r  a t  a l l  t i m e s ;  (c) all 
nominal regula ted  output  vo l tages  are t h e  same; and (d) c i r c u i t  
p rovis ions  are incorporated i n  each i n v e r t e r  t o  i n s u r e  load 
d iv i s ion .  

Laboratory t es t  eva lua t ions  of s t a t i c  conver te r  p a r a l l e l i n g  
c i r c u i t s  concluded t h a t  s ta t ic  conver te rs  can be operated i n  
p a r a l l e l  provided t h a t :  (a) a l l  conver te rs  have t h e  same 
nominal r egu la t ed  output  vo l t age  and (b) c i r c u i t  p rovis ions  
a r e  provided i n  each vol tage  r e g u l a t o r  c i r c u i t  t o  cause t h e  
conver te rs  t o  share  load cu r ren t .  

Two companion r e p o r t s  (NASA CR-1225 and CR-72454) p re sen t  
r e l a t e d  technologies  f o r  applying s t a t i c  i n v e r t e r s  o r  conver te rs  
i n  a p a r a l l e l e d  e lectr ical  system f o r  f u t u r e  space vehic les .  

NASA CR-1225 d iscusses  c i r c u i t  techniques needed fo r  con- 
t r o l l i n g  and p r o t e c t i n g  these  i n v e r t e r s  and conver te rs  i n  a 
p a r a l l e l e d  system. 

NASA CR-72454discusses s t a t i c  switches f o r  c i r c u i t  i n t e r rup -  
t i o n ,  load p rogramers  f o r  maximizing con t inu i ty  of electric 
power t o  t h e  m o s t  c r i t i ca l  loads a t  t h e  expense of power re- 
moval from less c r i t i ca l  loads and a system annunciator f o r  
v i s u a l l y  d isp lay ing  t h e  opera t ing  s ta te  of t h e  electrical system. 



INTRODUCTION 

Sta t i c  i n v e r t e r s  and conver te rs  are o f t e n  used i n  satell i tes 
and similar long- l i f e ,  low-maintenance missions. Rel iab le  opera- 
t i o n  throughout t h e  l i f e  of a mission i s  cri t ical .  Each t i m e  a 
d i f f e r e n t  mission i s  def ined,  a d i f f e r e n t  i n v e r t e r  wi th  a d i f f e r -  
e n t  r a t i n g  i s  required.  The s i z e  and complexity of  an i n v e r t e r  
depend on t h e  va lue  of i n p u t  vo l tage  and on t h e  l i m i t a t i o n s  of 
t h e  semiconductors used. Each newly developed i n v e r t e r  must be 
tested and modified u n t i l  t h e  desired degrees of performance 
and r e l i a b i l i t y  are obtained. One method f o r  ob ta in ing  high 
degrees of r e l i a b i l i t y  is through redundancy ( i -e . ,  by having 
s e v e r a l  system-rated i n v e r t e r s  on s tandby) .  Such an approach 
r e s u l t s  i n  a r e l a t i v e l y  high system weight. 

A b e t t e r  s o l u t i o n  t o  t h e  w e i g h t - r e l i a b i l i t y  problem is t o  
use s e v e r a l  s m a l l e r ,  h igh ly  developed i n v e r t e r s  opera t ing  elec- 
t r i c a l l y  i n  p a r a l l e l  t o  ob ta in  t h e  system r a t i n g  and t h e  des i r ed  
system r e l i a b i l i t y .  With such an approach, a new system i s  b u i l t  
by adding or d e l e t i n g  i n v e r t e r s .  N o  new c i r c u i t s  are necessary.  

The requirements fo r  such a p a r a l l e l  system are: (1) each 
u n i t  must be capable of opera t ing  independently,  (2) each u n i t  
must be capable  of opera t ing  i n  p a r a l l e l  with any number of s i m i -  
l a r  u n i t s ,  and ( 3 )  provis ions  must be included for  automatic 
vo l tage  r egu la t ion  and f o r  load shar ing  among p a r a l l e l e d  u n i t s .  
P r i o r  t o  t h e  incep t ion  of t h i s  NASA program, very l i t t l e  technol- 
ogy e x i s t e d  for  applying s t a t i c  i n v e r t e r s  or conver te rs  i n  para l -  
l e l  electrical  systems for space veh ic l e s .  

Paral le l  opera t ion  of e lectr ical  systems has been used on 
commercial and m i l i t a r y  a i r c r a f t  f o r  many years .  These systems 
use a l t e r n a t o r s  as t h e  source of electric power. The design 
phi losophies  and techniques from t h e s e  a i r c r a f t  systems repre- 
s e n t  an e x c e l l e n t  s t a r t i n g  p o i n t  f o r  developing t h e  requi red  
technology f o r  s t a t i c  i n v e r t e r s  and conver te rs .  

This program w a s  undertaken t o  de f ine  t h e  cr i ter ia  t h a t  must 
be achieved f o r  e i t h e r  mul t ip l e  i n v e r t e r s  o r  mu l t ip l e  conver te rs  
opera t ing  i n  p a r a l l e l .  The requirements f o r  s a t i s f a c t o r y  pa ra l -  
l e l i n g  of i n v e r t e r  and conver te r  c i r c u i t s  w e r e  e s t ab l i shed  mathe- 
ma t i ca l ly ,  The optimum method f o r  meeting t h e s e  p a r a l l e l i n g  re- 
quirements w a s  s e l ec t ed .  C i r c u i t s  w e r e  designed f o r  automatic 
locking of independent frequency re ferences ,  automatic vo l t age  
r egu la t ion ,  and load shar ing.  

Two s t a t i c  i n v e r t e r  models of an e x i s t i n g  design w e r e  b u i l t ,  
incorpora t ing  t h e s e  c i r c u i t s .  The s ta t ic  i n v e r t e r  models w e r e  
e a s i l y  changed t o  conver te r  operat ion.  Using t h e s e  models, t h e  
f e a s i b i l i t y  of p a r a l l e l i n g  both i n v e r t e r s  and conver te rs  w a s  
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demonstrated. Data showing t h i s  operat ion a r e  contained i n  t h e  
main body of t h i s  repor t .  I n  addi t ion  t o  normal vol tage regula- 
t i o n ,  tests included d iv i s ion  of real and r e a c t i v e  loads a t  var- 
ious power f a c t o r s ,  overloads and f a u l t  condi t ions.  

A q u a l i t a t i v e  desc r ip t ion  of t h e  f a c t o r s  cont r ibu t ing  t o  
increased system r e l i a b i l i t y  r e s u l t i n g  from p a r a l l e l i n g  i n v e r t e r s  
i s  presented i n  appendix E. This information permits t h e  system 
designer t o  eva lua te  t h e  p o s s i b i l i t i e s  f o r  increased r e l i a b i l i t y  
and reduced weight f o r  a given system configurat ion,  

The developed technology reported here in  represents  an 
exce l l en t  framework f o r  applying any configurat ion of a s t a t i c  
i n v e r t e r  o r  converter  t o  a veh ic l e  system. This technology w i l l  
either be d i r e c t l y  appl icable  t o  t h e  s p e c i f i c  appl ica t ion  o r  w i l l  
provide a good b a s i s  f o r  whatever v a r i a t i o n s  a r e  necessary t o  
achieve t h e  des i r ed  p a r a l l e l  system operation. 

SYMBOLS . 
. 
I O  

EO 

z1 = zl le, 
AE and A6 

e2 

ZL = ZL I'u 

is the  cu r ren t  supplied by one i n v e r t e r ,  

i s  t h e  i n v e r t e r  c u r r e n t  i f  a l l  p a r a l l e l e d  inver- 
ters w e r e  supplying an equal amount of t h e  load 
cur ren t .  

is the  component of unbalanced cu r ren t  t h a t  is i n  
phase with t h e  bus vol tage.  

i s  t h e  component of unbalanced cu r ren t  t h a t  is  i n  
quadrature  with t h e  bus vol tage.  

is t h e  magnitude (rms) of i n t e r n a l  vol tage i f  it 
w a s  ad jus ted  so t h a t  d i f f e r e n t i a l  cu r ren t  was zero. 

i s  t h e  angle (with terminal  vol tage as  a re ference)  
of t h e  i n t e r n a l  vol tage i f  it was adjusted so t h a t  
d i f f e r e n t i a l  cu r ren t  was zero. 

is  the i n t e r n a l  impedance of t he  vol tage source.  

are incremental  q u a n t i t i e s .  

i s  t h e  angle (with terminal  vol tage a s  a r e fe r -  
ence) of a developed vol tage t o  achieve c i r c u i t  
operat ion.  

is  t h e  load impedance. 
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vS 

Vt 

E 

DQ 
r 

N 

e, and i 

R 

L 

i s  t h e  vo l t age  appl ied  t o  t h e  vo l t age  r e g u l a t o r  
sens ing  c i r c u i t .  

is  t h e  i n v e r t e r  te rmina l  vol tage,  

i s  t h e  magnitude (rms) of i n t e r n a l  voltage of  t h e  
i n v e r t e r .  

i s  t h e  r e a c t i v e  load-divis ion cu r ren t .  

i s  t h e  number of i n v e r t e r s  i n  p a r a l l e l .  

are instantaneous va lues  of vo l tages  and cu r ren t s .  

i s  r e s i s t ance .  

i s  inductance. 

C O N S I D E R A T I O N S  F O R  P A R A L L E L I N G  S T A T I C  I N V E R T E R S  

T h e  method f o r  opera t ing  s ta t ic  i n v e r t e r s  i n  p a r a l l e l  i s  
descr ibed  la ter  i n  d e t a i l  b u t  can be summarized a s  follows: 
(1) A l l  i n v e r t e r  c o n t r o l  c i r c u i t s  must be connected so t h a t  
t h e  phase A,  no-load output  vo l tage  of each i n v e r t e r  i s  i n  phase 
w i t h  the phase A,  no-load output  vo l tages  of a l l  o t h e r  i n v e r t e r s  
before  p a r a l l e l i n g .  The phase sequence of a l l  i n v e r t e r s  must be 
t h e  same before  p a r a l l e l i n g .  {2)  A f t e r  p a r a l l e l i n g  two o r  more 
i n v e r t e r s ,  c o n t r o l  of t h e  magnitude of t h e  i n t e r v a l  vo l tage  of 
each i n v e r t e r  must be achieved so t h a t  load c u r r e n t  i s  d iv ided  
equal ly  among t h e  i n v e r t e r s .  ( " In t e rna l "  vo l t age  of an i n v e r t e r  
i s  def ined  a s  t h e  imaginary. vo l tage  behind the  i n t e r n a l  impe- 
dance of the i n v e r t e r .  The i n t e r n a l  voltage equals  the  output  
te rmina l  vo l tage  only a t  zero load, The output  f i l t e r  of the  
i n v e r t e r  must be considered as p a r t  of t h e  load.)  This c o n t r o l  
i s  achieved by making t h e  i n t e r n a l  vo l t age  r egu la to r  s e n s i t i v e  
t o  both te rmina l  vo l t age  and c e r t a i n  components of t h e  d i f f e r -  
e n t i a l  load cu r ren t .  ( D i f f e r e n t i a l  load c u r r e n t  i s  t h e  d i f f e r -  
ence between an a c t u a l  i n v e r t e r  ou tput  phase c u r r e n t  and t h e  
average of a l l  i n v e r t e r  ou tput  c u r r e n t s  of t h e  same phase.) The 
component of t h e  d i f f e r e n t i a l  c u r r e n t  t o  which t h e  i n t e r n a l  
vo l tage  r e g u l a t o r  must be M a d e  most s e n s i t i v e  can be ca l cu la t ed  
after the  i n t e r n a l  impedance of t h e  i n v e r t e r  has been determined. 
A procedure f o r  t h e s e  c a l c u l a t i o n s  is  given i n  appendix C. 

Mathematical  A n a l y s i s  

Load-Sharing Control Method. - Successful  opera t ion  of a 
system c o n s i s t i n g  of t w o  or more i n v e r t e r s  supplying a common 
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bus r e q u i r e s  t h a t  t h e  t o t a l  system load be divided near ly  equal ly  
among t h e  p a r a l l e l  i n v e r t e r s .  I n  t h e  event of unequal load shar- 
ing ,  t h e  problem i s  t o  sense o r  d e t e c t  t h e  cause o r  causes and 
t o  i n i t i a t e  t h e  proper  c o r r e c t i v e  ac t ions .  This is  accomplished 
i n  t h e  case of p a r a l l e l e d  a l t e r n a t o r s  by sensing real and reactive 
power. Any change i n  t h e  average real power of an a l t e r n a t o r  
must be accomplished by changing t h e  governor or cont ro l  on i t s  
prime mover. The r e a c t i v e  load i s  then ad jus ted  by changes i n  
e x c i t a t i o n .  There s e e m s  t o  be no such inhe ren t  s epa ra t ion  of 
func t ions  i n  t h e  p re sen t  type s t a t i c  i n v e r t e r .  

An ana lys i s  based on Thevenin's equiva len t  c i r c u i t  approach 
(equat ions (1) and ( 2 )  der ived and numbered (A23) and (A24)  i n  
appendix A and repeated below) i n d i c a t e s  t h a t ,  f o r  i n v e r t e r s ,  an 
unbalance i n  r e a c t i v e  load does n o t  necessa r i ly  r e s u l t  from a 
d i f f e r e n c e  i n  vol tage  magnitudes. Likewise, an unbalance i n  real 
load does not  necessa r i ly  r e s u l t  from a d i f f e rence  i n  phase. 

EoAO 
(1) - AE s i n  ( 0  - 8,) R ( I ~  - I ~ )  = - COS ( e o  - e,) - - 

z1 z1 0 or  (A23) 

EOAe 
- e l )  (2 )  

AE 

z1 or (A24)  
Q(1, - I ) 2 - s i n  ( e o  - e l )  + cos ( e o  0 

The c o n t r o l l i n g  f a c t o r  i s  t h e  angle  ( e o  - e l ) .  
is  a func t ion  of both t h e  i n t e r n a l  impedance and load impedance, 
t h e s e  t w o  impedances are t h e  c o n t r o l l i n g  f a c t o r s .  (See appendix A,  
equat ion ( A 1 4 ) . )  I f  ( e o  - el) 2 9 0 ° ,  equat ions (1) and ( 2 )  become 

Since t h e  angle eo 

R ( I 1  - Io) = - Eo A0 
z1 

- .u -AEo 
Q(1, - I ~ )  - - 

z1 

and a real component would i n d i c a t e  phase d i f f e r e n c e  and a reactive 
component would i n d i c a t e  a magnitude d i f f e rence ,  

If ( e o  - el)  = Oo, equat ions (1) and ( 2 )  become 

u A E O  

z1 
R ( I 1  - Io) = - 



and t h e  exac t  oppos i te  is  indica ted .  

I f  ( e o  - 0,) = -45O, equat ions (1) and (2)  become 

(AE + E, A e )  
R ( I 1  - Io) 0.707 ( I C )  

(Eo  A0 - AE) 
Q(1, - Io) 0.707 

z1 

and the re fo re ,  t h e  real  or  t h e  r e a c t i v e  component could be a re- 
s u l t  of a d i f f e r e n c e  i n  magnitude and/or phase. 

'L If el = 90° ,  t h a t  i s  t h e  i n t e r n a l  impedance of t h e  i n v e r t e r  
is  p r a c t i c a l l y  a pure inductance, and i f  eo  i s  s m a l l ,  equat ions 
( l a )  and ( 2 a )  i n d i c a t e  t h a t  t h e  i n t e r n a l  phase should be con t ro l l ed  
by sensing d i f f e r e n t i a l  real  c u r r e n t  and t h e  magnitude of t h e  in- 
t e r n a l  vo l t age  should be con t ro l l ed  by sensing d i f f e r e n t i a l  reac- 
t i v e  cu r ren t .  

I n  p r a c t i c e ,  it might no t  be p r a c t i c a l  t o  make t h e  i n t e r n a l  
impedance purely induc t ive  o r  purely r e s i s t i v e .  (A  pure resist- 
ance would make equat ions ( lb )  and ( 2 b )  hold.) However, i n  appendix 
A it i s  shown t h a t  t h e  in-phase component of (I1 - I,) with a 
phasor €I2 degrees  ahead of the  corresponding terminal  vo l tage  i s  
given by : 

. ( I ~  - I ~ )  = - - AE COS (e,  - el  - e,) 
z1 

and t h e  in-quadrature component i s  given by: 
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. 
.U AE Qe .(I1 - Io) = - s i n  ( e o  - - e2)  

2 z1 

EOA9 
+ -- 

2, 
cos (0,  - el - 0,) 

If equations s i m i l a r  t o  equations ( la )  and ( 2 a )  are t o  hold f o r  this 
case: 

Therefore,  i f  t h e  i n t e r n a l  impedance i s  no t  purely induct ive ,  it 
can be compensated f o r  by using a reference phasor t h a t  leads the  
terminal vol tage by e2  degrees such t h a t :  

e2 g o o  + e o  - el ( 4 )  

A s  d iscussed i n  appendix D and i l l u s t r a t e d  by f i g u r e  31, e 2  
can e a s i l y  be made a mul t ip le  of 30 degrees with a set of three-  
phase vol tages .  This leading -phasor can be one of t he  l ine- to-  
l i n e  vol tages  i f  e 2  i s  30 degrees o r  another l ine- to-neut ra l  
vol tage i f  e 2  i s  60 degrees. If e 2  must be something o the r  
than a mul t ip le  of 30 degrees,  one of t h e  vol tages  can be phase 
s h i f t e d .  

I f  it i s  assumed t h a t  d i f f e r e n t i a l  cu r ren t  sensing and com- 
par ing are provided i n  such a manner as t o  make equations ( la) 
and (2d)  hold,  t h e r e  a r e  two b a s i c  methods of p a r a l l e l  cont ro l .  

Method 1: Lock t h e  o s c i l l a t o r s  t o  assure  frequency lock. 
Since it i s  poss ib le  t o  have t h e  frequencies of t h e  i n t e r n a l  
vo l tages  t h e  same but  be o u t  of phase, some method of assur ing 
t h a t  t he  i n t e r n a l  vol tages  are i n  phase mus t  be provided, With 
"front-ends" locked, means f o r  quadrature  cu r ren t  con t ro l  based 
on equations ( la)  and (2d) with A0 set equal  t o  zero could be 
provided. 

Method 2: This method w i t h  no c ross  t ies between " f ront -  
ends" of t h e  i n v e r t e r s  i s  very s i m i l a r  t o  t h a t  now used i n  alter- 
na to r  systems, D i f f e r e n t i a l  cu r ren t  sensing and comparing are 
achieved i n  t h e  same manner as i n  Method 1. The quadrature com- 
ponent would again con t ro l  t he  magnitude. However, t h e  in-phase 
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component would d i r e c t l y  c o n t r o l  t h e  frequency, Changes i n  
phase would be accomplished by changing t h e  frequency for  a 
s m a l l  i n t e r v a l  of t i m e .  

Method 1 w a s  used i n  t h e  experimental  work because it r e q u i r e s  
less complex c o n t r o l  c i r c u i t s ,  it w a s  m o r e  r e a d i l y  adaptable  t o  
e x i s t i n g  i n v e r t e r  c i r c u i t s ,  and it would no t  i n t e r f e r e  wi th  pre- 
cise frequency requirements. I f  t h e  r e fe rence  phasor i s  picked 
such t h a t  

eo  - el - e 2  - g o o  (5) 

and i f  one of t h e  i n v e r t e r s  has an i n t e r n a l  vo l t age  g r e a t e r  than 
t h e  average, t h a t  i n v e r t e r  w i l l  take more lagging r e a c t i v e  c u r r e n t  
( i n  r e fe rence  t o  a vol tage  degrees ahead of t h e  phase vo l t age  
i n  which t h e  d i f f e r e n t i a l  c u r r e n t  loop i s  placed)  than t h e  average. 
Its r e a c t i v e  load  d i v i s i o n  c i r c u i t  would need t o  reduce t h e  
"exc i t a t ion"  vo l t age  of t h a t  i n v e r t e r .  e o  is  r e l a t e d  t o  t h e  
i n t e r n a l  impedance by t h e  following equat ion 

O2 

s i n  ( 0 ,  - Y) 
22 Tan e o  = 

-92 + cos (e, - Y) 
z1 

for a two-inverter system. 
va lue  of e2 may be determined. 

Therefore,  i f  Z1 i s  known, a proper  

Sensing c i r c u i t  ga in  ca l cu la t ion .  - The open-loop r e l a t i o n  
f o r  i n t e r n a l  vo l t age  i s  der ived i n  appendix B and given below. 

. I  

The vol tage  r e g u l a t o r  ga in ,  , can be ca l cu la t ed  from t h e  
avS 

s ing le -un i t  c i r c u i t r y ,  o r  i f  one has knowledge of the s ing le -un i t ,  
closed-loop r egu la t ion ,  it can be c a l c u l a t e d  by use of t h e  follow- 
i n g  formula: 
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a . 
12, + z, I 

I f  Z1 and VIL are known (assume V = V o ) ,  equat ions (7) and (2d) 
can be solved simultaneously €or  p a r a l l e l  c o n t r o l  c i rcvi t  ga in ,  
'E 

PL 

- 
Q" , for  a given load and allowable d i f f e r e n t i a l  c u r r e n t ,  A I  

'IDQ 

Therefore: 

I n t e r n a l  Impedance Calcula t ion  and i t s  use .  - I t  w i l l  be 
observed t h a t  i n  order  t o  make use of t h e  r e l a t i o n s h i p s  s t a t e d  on 
t h e  preceding page, t h e  i n t e r n a l  impedance, i,, must &e known. 
I f  balanced loads are assumed, t h e  equiva len t  c i r c u i t  f o r  calcu- 
l a t i n g  t h e  per-phase i n t e r n a l  impedance i s  shown i n  f i g u r e  1. 

CHOKE COIL  

CURRENT TRANSFORMER LF , 

Figure 1. The Equivalent  C i r c u i t  f o r  I n t e r n a l  Impedance of a 
S ta t i c  I n v e r t e r  Under Balanced Load Conditions 
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The impedance looking back i n t o  t h e  series-connected secondaries  
I n  appendix C ,  an equat ion is  developed i n  phase one i s  Z 

(Equation (C40)). With Z known, t h e  in- f o r  determining Z 

t e r n a l  impedance of t h e  i n v e r t e r  can thus  be ca l cu la t ed  by sub- 
s t i t u t i n g  va lues  i n  t h e  c i r c u i t  of f i g u r e  1 and making a few 
s e r i e s - p a r a l l e l  t ransformations.  

eq' 
eq' eq 

I n  appendix D t h e  i n t e r n a l  impedance of t h e  s ta t ic  i n v e r t e r  
models which w i l l  be  used i n  t h i s  program i s  ca l cu la t ed  and i s  
Z1 = 0.27 pu /77.8O. 
i s  c a l c u l a t e d  using t h i s  i n t e r n a l  impedance and vol tage  regula- 
t i o n  l i m i t  of 115 2 0.7 v o l t s  and i s  - = -38.0. 

The requi red  i n v e r t e r  vo l tage  r e g u l a t o r  g a i n  

aE 

avS 

By assuming an i n i t i a l  fu l l - l oad  vol tage  s e t t i n g  accuracy of - + 0.2 v o l t s ,  and a load d i v i s i o n  accuracy of lo%, t h e  requi red  
ga in  of t h e  r e a c t i v e  load-d iv is ion-c i rcu i t  is ca l cu la t ed  i n  
appendix D and is - a E  - - 0.412 where E and I 

u n i t  values .  

are i n  pe r  
DQ a l ~ ~  

C i r c u i t  Development 

Frequency & Phase Locking C i r c u i t s .  - I n  t h e  p a r a l l e l i n g  method 
c h o s e ~ n d  phase must be t h e  same 
on a l l  sources  p r i o r  t o  connecting them i n  p a r a l l e l .  Therefore,  
a l l  i n v e r t e r s  t o  be p a r a l l e l e d  must ope ra t e  f r o m  t h e  s a m e  fre- 
quency re ference  and be locked i n  phase with each o ther .  

For increased  r e l i a b i l i t y ,  each i n v e r t e r  must be capable of 
opera t ing  independently or  i n  p a r a l l e l  wi th  s i m i l a r  i n v e r t e r s .  
To opera te  independently means t h a t  each i n v e r t e r  must have i t s  
own frequency re ference .  The requirement t h a t  they ope ra t e  i n  
p a r a l l e l  wi th  s i m i l a r  i n v e r t e r s  means t h a t  a l l  i n v e r t e r s  must 
o b t a i n  t h e i r  frequency r e fe rence  s i g n a l  from a s i n g l e  re ference ,  
Therefore,  a means w a s  der ived  t o  remove a l l  b u t  one frequency 
r e fe rence  s i g n a l  and connect t h a t  frequency re ference  s i g n a l  t o  
a l l  i n v e r t e r s  whenever p a r a l l e l  opera t ion  i s  des i red .  

The only p r a c t i c a l  way devised t o  achieve t h e  c i r c u i t  
func t ions  i s  shown i n  f i g u r e s  2 and 3, When i n v e r t e r  #1 i s  oper- 
a t i n g  independently,  switches S1 through S5 are open ( f i g u r e  2 ) .  
T r a n s i s t o r  Q24 is normally on ( i . e , ,  d r iven  i n t o  s a t u r a t i o n ) .  
Its base c u r r e n t  i s  de l ive red  by resistor R62.  Then t h e  tuning 
fork  osc i l la tor  #1 (TFO1) is  on and provides  a 3200-pulse-per- 
second s i g n a l  t o  t h e  Unijunction Trans i s to r  Relaxation O s c i l l a -  
to r  (UTRO) on i t s  own breadboard. The UTRO provides  a 3200-pps 
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s i g n a l  f o r  opera t ing  t h e  countdown c i r c u i t  of f i g u r e  3. The 
opera t ion  of t h e  countdown is  descr ibed i n  re ference  1. I n v e r t e r  
# 2  w i l l  opera te  independently i n  an i d e n t i c a l  manner. 

The method selected t o  accomplish t h e  removal of a l l  b u t  one 
frequency re ference  s i g n a l  and t o  connect t h a t  frequency s i g n a l  
t o  a l l  i n v e r t e r s  t o  be p a r a l l e l e d  w a s  based on t h e  assumption 
t h a t  any of t h e  frequency r e fe rences  on any of t h e  i n v e r t e r s  
t o  be p a r a l l e l e d  would opera te  wi th in  t h e  frequency accuracy re- 
qui red ,  The c i r c u i t  shown i n  f i g u r e  2 w a s  designed t o  a r b i t r a r i l y  
select one of t h e  t w o  re ferences  i n  t h e  following manner, With 
switches S1, S2 and S4 closed, dc  vol tage  is appl ied  t o  both 
i n v e r t e r s .  The UTRO's  of both i n v e r t e r s  w i l l  f r e e  run a t  d i f -  
f e r e n t  f requencies  u n t i l  a frequency re ference  is  selected. 
Trans i s to r  Q24 on one of t h e  i n v e r t e r s  and t r a n s i s t o r  Q25 on 
t h e  o t h e r  i n v e r t e r  w i l l  t u r n  on because of unbalance i n  t h e  
b i s t a b l e  c i r c u i t  involved. A s s u m e  t h a t  Q24 on i n v e r t e r  #1 and 
Q25 on i n v e r t e r  #2 t u r n  on f i r s t .  Then R 6 2  of i n v e r t e r  #1 w i l l  
supply base d r i v e  f o r  Q 2 4  on i n v e r t e r  #1 and Q25 on i n v e r t e r  #2 .  
Consequently, Q25 on i n v e r t e r  # 2  w i l l  d i v e r t  base d r i v e  away 
from Q24 on i n v e r t e r  #2 and 925 on i n v e r t e r  #1 t o  ground, TFO 
#1 w i l l  opera te  b u t  TFO #2 w i l l  n o t  operate .  The opera t ing  TFO 
w i l l  supply i t s  frequency s i g n a l  t o  both UTRO's  so both inver- 
ters w i l l  opera te  a t  t h e  same frequency. I f  Q24 on i n v e r t e r  # 2  
and Q25 on i n v e r t e r  #1 t u r n  on f i r s t ,  then r ep lace  each #1 by # 2  
and #2  by #1 i n  t h e  above desc r ip t ion .  

Proper phase sequence of t h e  output  vo l tages  i s  ensured by 
t h e  add i t ion  of an i n h i b i t  c i r c u i t  t o  t h e  countdown c i r c u i t .  
This  i n h i b i t  c i r c u i t  c o n s i s t s  of R49,  R50, CR89, CR90, and C R 9 1  
shown i n  f i g u r e  3 .  The pa ths  provided by those  components en- 
s u r e  t h a t  Q18B, Q18C, and Q18D are on before  Q18A can be turned 
o f f  by a s i g n a l  from t h e  UTRO. 

The s i g n a l  from t h e  UTRO v a r i e s  from about 1 0  v o l t s  p o s i t i v e  
t o  0 v o l t s  wi th  r e s p e c t  t o  ground a t  a 3200-pps rate. The count- 
down f l i p - f l o p s  change s ta te  only under c e r t a i n  condi t ions.  One 
of t h e s e  condi t ions  i s  t h a t  t h e  s i g n a l  from t h e  UTRO must be zero. 
The o t h e r  condi t ion  i s  t h a t  t h e  c a p a c i t o r  ( C 1 6  or  C 1 7 )  i n  series 
with t h e  base of t h e  t r a n s i s t o r  t o  be s h u t  o f f  must be charged 
p o s i t i v e  wi th  r e s p e c t  t o  ground so t h a t  i t s  base c u r r e n t  can 
be d i v e r t e d  t o  ground. I f  t h e  countdown f l i p - f l o p s  s t a r t  i n  t h e  
correct sequence, each f l i p - f l o p  can change states every f o u r t h  
z e r o  from t h e  UTRO, i ,e . ,  one ' f l i p - f lop  changes s ta te  during one 
UTRO pulse .  I f  t h e  countdown c i r c u i t  does not  s t a r t  i n  the  cor- 
rect sequence, then e i t h e r  Q18B, Q18C, o r  Q18D w i l l  be o f f  when 
Q18A i s  set up t o  be s h u t  o f f .  Therefore,  CR42A w i l l  be reverse- 
b iased  by t h e  collector vo l t age  of e i t h e r  Q18B, Q18C, or Q18D 
so t h a t  Q18A cannot be s h u t  o f f .  When Q18A i s  on, Q17A i s  off .  
The collector vol tage  of Q17A charges C17B through R48B, C16B, 
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R47B and Q18A negat ive wi th  r e s p e c t  t o  ground so t h a t  once Q18B 
i s  turned on it cannot be turned o f f  by a pu l se  from t h e  UTRO. 
Q18C and Ql8D have s i m i l a r  condi t ions  set up i n  C - D sequence. 
When Q18B, Q18C, and Q18D are on, Q18A can be s h u t  o f f  by t h e  
next  UTRO s igna l .  The correct phase sequence f o r  each i n v e r t e r  
i s  thus  e s t ab l i shed .  

The next  requirement i s  t h a t  r e s p e c t i v e  phase vol tages  on a l l  
i n v e r t e r s  must correspond be fo re  p a r a l l e l i n g  t h e  i n v e r t e r s .  By 
connecting t h e  (H) t e rmina ls  ( f i g u r e  3 )  of a l l  i n v e r t e r s  t o  be 
p a r a l l e l e d  toge the r ,  a l l  i n v e r t e r s  w i l l  opera te  i n  phase wi th  each 
o the r .  Of course,  a l l  i n v e r t e r s  must be opera t ing  a t  t h e  s a m e  f r e -  
quency p r i o r  t o  making t h a t  connection s i n c e  t h e  phase of a l l  in-  
v e r t e r s  cannot be t h e  same i f  they are opera t ing  a t  d i f f e r e n t  
f requencies .  

in te rconnec t ions  t o  p a r a l l e l  t h r e e  u n i t s  are shown do t t ed  on f i g u r e  
2. I t  should be noted t h a t  f o r  every i n v e r t e r  added t o  t h e  bus, 
a diode (CR78) and a r e s i s t o r  (3.3K), shown do t t ed  i n  f i g u r e  2 ,  
must be added t o  a l l  i n v e r t e r s .  This diode and r e s i s t o r  supply 
base  c u r r e n t  f o r  t h e  added frequency re ference .  A l s o ,  i f  only 
t w o  i n v e r t e r s  a r e  t o  be p a r a l l e l e d ,  then  CR77 can be replaced 
by a s h o r t  c i r c u i t .  

This c i r c u i t  selects one frequency r e fe rence  immediately 
a f t e r  dc  vol tage  i s  appl ied  t o  t h e  i n v e r t e r s .  The connection 
of a l l  (H) t e rmina ls  t oge the r  must be delayed u n t i l  t h a t  one 
frequency r e fe rence  is  operat ing.  With t h e  tuning fork  oscil- 
la tors  s e l e c t e d  f o r  t h e  i n v e r t e r  models, t h i s  delay w i l l  be  from 
t h r e e  t o  f i v e  seconds. I f  an in s t an t - s t a r t i ng - type  frequency 
r e fe rence  w a s  used (i.e., c r y s t a l  o sc i l l a to r ,  mu l t iv ib ra to r ,  e tc . ) ,  
t h i s  de lay  would be unnecessary. 

Three or  more u n i t s  are p a r a l l e l e d  i n  a s i m i l a r  manner. The 

Load Divis ion C i r c u i t .  - The ac load d i v i s i o n  designed f o r  
t h i s  purpose ( f i g u r e s  4 and 5 )  i s  an adapta t ion  of techniques 
used i n  vol tage  r e g u l a t o r s  f o r  ac p a r a l l e l  genera tor  systems. 
The vol tage  r e fe rence  i n  t h i s  c i r c u i t  c o n s i s t s  of t w o  43.4-volt 
Zener diodes (CR55 and CR56) connected i n  a br idge  which balances 
wi th  86.8 v o l t s  appl ied  and has a nominal dc c u r r e n t  requirement 
of 15 mill iamperes.  When load i s  d iv ided  p e r f e c t l y ,  t h e r e  i s  
no c i r c u l a t i n g  c u r r e n t  through R64 ,  R65, and C 2 1  f r o m  t h e  load  
d i v i s i o n  sens ing  c u r r e n t  t ransformer ( T 2 7 ) ,  and a l l  vo l t age  and 
c u r r e n t  fo r  balancing t h e  vo l t age  r e fe rence  br idge  is  suppl ied 
by t h e  voltage sensing t ransformer (T29) through t h e  full-wave 
r e c t i f i e r s  (CR51, 52, 53, 57, 58, and 59) and t h e  vo l t age  ad- 
j u s t i n g  resistor R15. 

Transformer T28 c o n s i s t s  of two sepa ra t e  2 : l  step-down t r ans -  
formers which are used f o r  impedance t ransformation and t o  provide 
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direction shown 
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with .gure 4. Two I n v e r t e r  Block Diagrams Connected i n  Parallel  
AC Load Division C i r c u i t s  Shown 
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i s o l a t i o n .  A value of 1 microfarad w a s  chosen f o r  C21. R e s i s -  
t o r s  R65 and R66 are adjusted so t h a t  t h e  vol tage across  t h e  
series combination l ags  t h e  400-Hz cu r ren t  through it by 60 
e l e c t r i c a l  degrees.  

= 230 ohms - 1 R65 + R66 = x c 2 1  tan 6oo - 
2 ~ 4 0 0  x 1 x x a 

The vol tage across  R64 w i l l  be i n  phase w i t h  the  cu r ren t  through 
it. To keep t h e  vol tage  across  R64 equal  t o  t h e  vol tage  across  
t h e  R65, R66, and C21 combination, t h e  impedance of R64 mus t  be 
t h e  same as t h e  impedance of t h e  RC combination. 

R64 = / (R65 + R66I2  + (Xc21)2 - - / ( 2 3 0 ) 2  + ( 3 9 8 ) 2  = 460 ohms 

(11) 

The impedance presented by t h e  secondaries of transformer 
T28,  under condi t ions  of p e r f e c t  load d iv i s ion ,  i s  approximately 
equal t o  t h e  tu rns  r a t i o  squared t i m e s  t h e  primary impedance 

( 1 / 2 ) *  x 460 = 1 1 5  ohms (12) 

To p resen t  balanced vol tages  t o  the  three-phase br idge r e c t i f i e r  
(CR51, 52 ,  53, 57, 58 ,  and 59)  r e s i s t o r  R67 w a s  set  a t  approximate- 
l y  1 1 5  ohms. 

Res is tor  R15 was assumed t o  be nominally set a t  1 0 0 0  ohms. 
Then, t he  required secondary vol tage of T29 was determined a s  
follows: t h e  dc vol tage  required ou t  of t h e  full-wave br idge 
rect i f ier  equals  t he  nominal vol tage re ference  l e v e l  (86.8 v o l t s )  
p lus  t h e  nominal vo l tage  drop across R 1 5  (1K x 1 5  m a  = 15 v o l t s )  
making a t o t a l  of 101 .8  v o l t s .  The required l ine- to-neutral  
vol tage and cu r ren t  i n t o  t h e  full-wave br idge r e c t i f i e r  w e r e  
determined by t h e  usual  br idge rect i f ier  c h a r a c t e r i s t i c s .  

Iac = 15 ma x 0.816 = 12 .2  m a ,  

0.74 x 101.8 v o l t s  + 2 x 0.7 - 44 ,3  volts - - 
0 E~~ - 
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Transformer T29 must supply t h i s  vo l tage  p lus  t h e  vo l t age  drops 
from t h e  secondaries  of T28 and R 6 7  which g ives  (44.3 vo l t s  + 
0.0122 amps x 115 ohms) a t o t a l  secondary vol tage  of 45.7 v o l t s .  
Therefore,  T29 w a s  designed t o  provide 45.7 v o l t s  ou tput  per  
phase with 200 v o l t s  i npu t  pe r  phase. 

To determine t h e  requi red  t u r n s  r a t i o  of t h e  load d i v i s i o n  
c u r r e n t  transformer ( T 2 7 ) ,  it w a s  assumed t h a t  X 1  and X 2  w e r e  
disconnected and t h a t  t h e  i n v e r t e r  w a s  supplying an output  c u r r e n t  _ _  - - 

of 1 pu /-60° = 2.18 amps /-60°. 
i n v e r t e r  ou tput  vo l tage  s h o u l d b e  caused t o  drop t o  67.5 v o l t s  

Under t h e s e  condi t ions ,  t h e  

l ine- to-neut ra l  by t h e  vol tages  introduced i n  t h e  sensing c i r c u i t  
transformer T28. By knowing t h e s e  secondary vol tages ,  t h e  p r i -  
mary vol tages  (T28) and t h e  requi red  secondary c u r r e n t  of T27 
w e r e  determined, Figure 6 i s  a phasor diagram of t h i s  c i r c u i t  
under these  condi t ions  with phase C vo l tage  taken as t h e  re ference  
phasor. The secondary vol tages  of T29 (VCB, VBA, and VAc) w i l l  

- 

have a magnitude of  26.8 v o l t s  (45.7 x 6 7 * 5 ) .  Temporarily neglect-  TI5- 
ing  t h e  vol tage  drop across  R67,  t h e  voi iages  requi red  from T28 
(V43 and VS7) must have a magnitude of 30.4 v o l t s :  

Iv871 = IV431 = 44.3 x ET ( l i ne - to - l ine  vol tage  requi red  
i n t o  br idge r e c t i f i e r )  

- 26.8 x ( l i ne - to - l ine  vol tage  from T29) 
= 30.4 vo l t s .  

( 1 4 )  

The vol tage  drop across  R67  (0 .0124  amps x 115 ohms = 1 . 4  v o l t s )  
s u b t r a c t s  from VBA and w a s  compensated f o r  by increas ing  both 

V43 and V87 by t h e  v e c t o r i a l  equiva len t  amount of 0.8 v o l t s  

lo4 = 0.808 v o l t s  . Therefore,  t h e  des i r ed  secondary 
vdl tages  of T28 under t h i s  unbalanced condi t ion  are 30.4 + 0.8 
= 31.2 v o l t s .  

( 2 cos 30° ) 
The c u r r e n t  through R64 t o  ob ta in  t h e  requi red  primary vol t -  

age is  

31*2 = 0.136 amps - v43 - 
'R64 - R64 460 

The c u r r e n t  through t h e  transformer primary (T28) i s  equal  t o  t h e  
secondary c u r r e n t  d iv ided  by t h e  tu rns  r a t i o  (0.01224 amps) 

2 
= 0.00612 amps p lus  a s m a l l  t ransformer e x c i t i n g  cu r ren t .  These 
c u r r e n t s  are s m a l l  compared t o  I and w e r e  provided f o r  by R6 4 
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Figure 6 .  - Phasor Diagram of AC Load Divis ion C i r c u i t  wi th  a 
D i f f e r e n t i a l  Load Current of 1 pu / -60° 

l e t t i n g  ICT = 1.05 x I:R64 = 1 . 0 5  x 0 . 1 3 6  = 0 . 1 4 3  amps wi th  one 
per  u n i t  primary cu r ren t .  

The r equ i r ed  t u r n s  r a t i o  of t h e  load d i v i s i o n  transformer 
(T27)  w e r e  then  determined: 

2*18 = 15.2. Turns r a t i o  (T27)  = bh = 1 u  

Current  transformer T27 w a s  wound wi th  t h i s  t u rns  r a t i o .  

The above example c a l c u l a t i o n s  w e r e  f o r  t h e  purpose of design- 
i n g  t h e  load d i v i s i o n  c i r c u i t  with s u f f i c i e n t  ga in  t o  a s su re  load  
d i v i s i o n  wi th in  1 0  percent .  The phasor diagram of f i g u r e  6 is  
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f o r  a load unbalance 1 0  t i m e s  t h i s  amount. Other phasor dia-  
grams could have been drawn to  i l l u s t r a t e  opera t ion  under m o r e  
t y p i c a l  unbalance load condi t ions.  I n  a c t u a l  p a r a l l e l  opera t ion ,  
IC ( f i g u r e  6 )  can be considered t h e  d i f f e r e n t i a l  c u r r e n t  and may 
l a g  VNc by any angle  from 50° t o  7 0 ° .  This load d i v i s i o n  c i r c u i t  
is m o s t  s e n s i t i v e  t o  d i f f e r e n t i a l  c u r r e n t s  which l a g  VNc by 60°. 

During p a r a l l e l  opera t ion  of t h e  t w o  model i n v e r t e r s ,  X1 
from one i n v e r t e r  must be connected t o  X 2  of t h e  o t h e r  i n v e r t e r  
and v i ce  versa .  (Any number of i n v e r t e r s  could be connected i n  
t h i s  loop.) I n  t h i s  manner, t h e  c u r r e n t  which c i r c u l a t e s  i n  
these  in te rconnec t ing  w i r e s  i s  p ropor t iona l  t o  t h e  average c u r r e n t  
suppl ied by both ( a l l )  i n v e r t e r s ,  and t h e  CT c u r r e n t  which cir-  
c u l a t e s  through R 6 4 ,  65,  6 6 ,  and C21 is  p ropor t iona l  t o  t h e  d i f -  
f e r e n t i a l  cu r ren t .  The d i f f e r e n t i a l  c u r r e n t  i s  t h e  d i f f e r e n c e  
between t h e  a c t u a l  c u r r e n t  de l ivered  by one i n v e r t e r  and t h e  
average c u r r e n t  de l ive red  by a l l  i n v e r t e r s .  The opera t ion  of t h i s  
load d i v i s i o n  c i r c u i t  always tends t o  reduce t h i s  d i f f e r e n t i a l  
c u r r e n t  toward zero. 

The component values  determined above f o r  f i g u r e  4 w e r e  
t e s t e d  i n  t h e  labora tory .  

The r e s u l t s  of t h e  labora tory  tests ind ica t ed  t h a t  t h e  load 
d i v i s i o n  c i r c u i t  performance w a s  much b e t t e r  than expected. 
Closer examination of t h e  design procedure showed t h a t  t h e  value 
ca l cu la t ed  f o r  t h e  open-loop ga in  w a s  used as t h e  va lue  f o r  t h e  

'closed-loop gain.  This r e s u l t e d  i n  a much higher  open-loop ga in  
than t h a t  der ived i n  appendix D, hence, better performance. 

The new va lue  of  open-loop ga in  w a s  used t o  determine t h e  
expected performance l i m i t s  of t h e  t e s t  c i r c u i t .  The ca l cu la t ed  
performance w a s  very close t o  t h e  exhib i ted  performance of  t h e  
test c i r c u i t ,  i n d i c a t i n g  t h a t  t h e  design procedure i s  accurate .  
The r e c a l c u l a t i o n  of t h e  performance l i m i t  is  shown below. 

A s  shown i n  appendix D, t h e  open-loop g a i n  of t h e  r e a c t i v e  
load d i v i s i o n  c i r c u i t  should have been 

(17) - -  'E - 0.412 
a l ~ ~  

H o w e v e r ,  as noted above, t h i s  value w a s  assumed t o  be t h e  
value of t h e  closed-loop gain.  So, l e t  t h e  closed-loop g a i n  be 
denoted by t h e  symbol 

II 

DQ 
'I 
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which i s  equal  t o  0.412. 

I f  w e  assume A Rs 2 0 ,  then  equat ion (Bl) of appendix B can 
be w r i t t e n  as 

(VPL - V0) + aE AE = - 
avS 

1 
K Since - i s  very close 

load ,  t h e  above expression 
t o  u n i t y  f o r  a 1 . 0  
can be rearranged: 

8E 
a Vt v - v o  a l ~ ~  A - - - '7 = a l ~ ~  

- 
PL 

1-- 
avS 

AIQ 

vO (19) 

pu, 0.5 lagging PF 

This is t h e  expression which relates t h e  closed-loop, load-divis ion 
c i r c u i t  ga in  t o  t h e  open-loop, load-divis ion c i r c u i t  gain.  Then 
t h e  open-loop ga in  w i l l  have a value of 

aE avt =(L -r) aI,Q S DQ 
= 39(0.412) = 16.1  

This higher  ga in  va lue  allowed a much wider i s o l a t e d  voltage 
s e t t i n s  t o l e rance  whi le  maintaining t h e  o r i g i n a l  1 0  percent  

accuracy. This wider t o l e rance  w a s  determined 
as f o l G w s  

c u r r e n t  d i v i s i o n  
by equat ion (B9)  

AE = (VpL - 

The d i f f e r e n t i a l  

. 
aE 1 %  + LI 

vIL)  zL 
+ 

c u r r e n t  A I  is  r e l a t e d  t o  Q 

aE 
AIQ 

- V0) + - 
( 2 2 )  

AEO - A I Q  
.u 

Q(1, - Io) = - - - 
z1 

AE by equat ion (2b) 

If w e  assume Vo = VpL, then 
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or 

where 2 = 0.27 pu /77.8O from appendix D. A s s u m e  a 1 .0  pur 0.5 
lagging PF load; then 

Thus, a t e n  percent  c u r r e n t  d i v i s i o n  accuracy can be maintained 
by t h i s  c u r r e n t  d i v i s i o n  c i r c u i t  i f  t h e  i n i t i a l  s e t t i n g  on each 
i n v e r t e r  is  wi th in  115 f. 4.8 vol ts  rms. O r  from another viewpoint 
f o r  t h e  o r i g i n a l  vo l tage  s e t t i n g  l i m i t s  of 115 + 0.2  v o l t s ,  t h e  
c u r r e n t  d i v i s i o n  w i l l  be  considerably b e t t e r  than 0 . 1  pu unbal- 
ance as shown by t h e  performance of t h e  test  c i r c u i t .  

Thus 

- -  "' - 0.412 

f o r  d i f f e r e n t i a l  load c u r r e n t s  which l ag  t h e  phase vol tages  by 
60  degrees.  This means t h a t  i f  an i n v e r t e r  w a s  supplying a cur- 
r e n t  equal  t o  l pu J6Oo more than t h e  average phase c u r r e n t  sup- 
p l i e d  by each i n v e r t e r ,  t h e  load d i v i s i o n  c i r c u i t  should be 
capable of causing t h e  i n v e r t e r  ou tput  vo l tage  t o  drop 0 .412  pu 
t o  67.5 vol ts  l ine- to-neut ra l .  Figure 7 i l l u s t r a t e s  t h e  response 
of t h i s  c i r c u i t ,  

- 

I n v e r t e r / C o n v e r t e r  T e s t  Model 

One of t h e  inver te r /conver te r  test models is  shown i n  f i g u r e  
8. The c a p i t a l  letters des igna te  important component and c i r c u i t  
l oca t ions  on t h e  test  model. Those designated are: (A) t e rmina l  
boards which permit  opera t ion  of t h e  tes t  models as e i t h e r  a s t a t i c  

23 



1.0 

0.588 

Figure 7. - Desired Transfer  Curve f o r  t h e  AC Load Divis ion C i r c u i t  

conver te r  o r  an a s t a t i c  i n v e r t e r ;  (B) one of t h e  quadra t i c  t rans-  
formers; (C) t h e  h e a t  s i n k  on which t h e  power inve r s ion  s t a g e  com- 
ponents are mounted; ( D )  t h e  countdown c i r c u i t s ;  (E)  t h e  i n v e r t e r  
load sha r ing  d e t e c t o r  c i r c u i t ;  (F)  t h e  cu r ren t - l imi t ing  c u r r e n t  
t ransformers;  ( G )  t h e  i n v e r t e r  ou tput  f i l t e r ;  (H) the  voltage- 
booster and boos ter  f i l t e r ;  (I)  t h e  i n p u t  f i l t e r ;  (J) t h e  vol tage  
r egu la to r ,  magnetic-amplifier c i r c u i t  board; (K) t h e  tuning- 
f o r k - o s c i l l a t o r  frequency re ference ;  (L) t h e  frequency-reference 
s e l e c t o r  c i r c u i t  board; (M)  t h e  un i junc t ion - t r ans i s to r ,  re laxa t ion-  
osc i l la tor  c i r c u i t  board; ( N )  t h e  i n v e r t e r  ou tput  vo l t age  sensing 
t ransformer;  (0) t h e  s i x  power r e c t i f i e r s  used for  conver te r  
opera t ion ;  and (P) t h e  simple s a t u r a b l e  reactor used i n  t h e  s ta t ic  
conver te r  load-divis ion c i r c u i t .  

Test Program f o r  L a b o r a t o r y  E v a l u a t i o n  
o f  t h e  P a r a l l e l  I n v e r t e r s  

The electrical  models w e r e  f i r s t  operated as isolated s ta t ic  
i n v e r t e r s  t o  measure t h e  load-d iv is ion-c i rcu i t  gain.  The accuracy 
of t h i s  c i r c u i t  design w a s  checked by supplying rated load c u r r e n t  
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Figure 8. - A Stat ic  Inverter /Converter  T e s t  Model 

a t  0.5 lagging power f a c t o r  from one i n v e r t e r  model. When t h e  
load-division current-transformer secondary i s  not  shorted,  t h e  
i n v e r t e r  output  vol tage i s  designed t o  decrease from a nominal 
value of 115 v o l t s  t o  approximately 67.5 v o l t s .  Th i s  character- 
i s t ic  w a s  checked on both i n v e r t e r  models. 

Next, the opera t ion  of the  frequency-locking c i r c u i t s  w a s  
gized, only one of 
t e d  and determined 

ions ,  it may be pre- 
c i r c u i t  by using 
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The operat ion of t h e  phase-lock c i r c u i t s  was then t e s t ed .  

f i g u r e  5. These current-transformer secondary terminals  w e r e  
s h o r t  c i r c u i t e d  automatical ly  with a u x i l i a r y  contac ts  on t h e  
p a r a l l e l i n g  c i r c u i t  breaker  during i s o l a t e d  operat ion.  Ammeters 
and w a t t m e t e r s  w e r e  used t o  determine how w e l l  t h e  load w a s  shared 
between i n v e r t e r s  under s teady-s ta te  condi t ions.  A recording 
osc i l lograph  w a s  used t o  record load-sharing c h a r a c t e r i s t i c s  
during p a r a l l e l i n g  t r a n s i e n t s  and load t r a n s i e n t s ,  

Static Inverter Paralleling Evaluation 

An improved phase-locking method became apparent through 
t e s t i n g  and i s  discussed i n  t h e  phase-locking sec t ion .  The test 
da ta  obtained a r e  discussed i n  d e t a i l  i n  t h e i r  appropr ia te  sec- 
t i o n s .  

Frequency locking. - The frequency-locking c i r c u i t s  functioned 
a s  planned. Figure 9 ( a )  shows t h e  osc i l loscope  t r a c e  of t h e  
co l lec tor - to-emi t te r  vo l tage  of t r a n s i s t o r  Q4 on each i n v e r t e r  
p r i o r  t o  c los ing  switches K1, K2, and K3. It  i s  obvious t h a t  
t hese  vol tages  are no t  i n  phase. These vol tages  are a l s o  occur- 
r i n g  a t  s l i g h t l y  d i f f e r e n t  frequencies.  The d i f f e rence  frequency 
between t h e  two tuning fork o s c i l l a t o r s  was only about 0.04 Hz. 
This s m a l l  frequency d i f f e rence  i s  no t  apparent on t h i s  photo- 
graph. Figure 9(b)  shows these  same vol tages  a f t e r  switches K1, 
K2, and K3 are closed. These vol tages  a r e  i n  phase and a r e  occur- 
r i n g  a t  t h e  same frequency. 

es not  assure  
The output  

bu t  they can be o u t  of ph 

The l a s t  t w o  s 

Of course,  s i n c e  n can be ze ro ,  t h e  
i f  switches K1, 

erters have i d e  
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time -f (Picture #1) 

Prior to Closing Switches K1, K2, and K3 

time -f (Picture #2) 

(b) After Closing Switches K1, K2, and K3 

Figure 9. - Oscilloscope Tracing of the Collector-to-Emitter 
Voltage of Transistor Q4 on Each Inverter 
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subject i s  d iscussed  f u l l y  under t h e  heading "Phase Locking". 

There are t w o  problems a s soc ia t ed  wi th  t h i s  frequency-locking 
c i r c u i t  which should be discussed:  t h e  long s t a r t - u p  t i m e  of tun- 
ing-fork osc i l la tors  and t h e  number of components and intercon-  
nec t ions  requi red  between p a r a l l e l e d  i n v e r t e r s .  

The long s t a r t - u p  t i m e  ( t w o  t o  fou r  seconds) of a tuning- 
fo rk  o s c i l l a t o r  p r e s e n t s  a problem i f  t h e  tuning-fork osc i l la tor  
t h a t  is  opera t ing  i n  a p a r a l l e l e d  system should f a i l .  The f a i l e d  
tuning-fork osc i l la tor  must be s h u t  o f f  and one of t h e  o t h e r  tun- 
ing-fork o s c i l l a t o r s  must be s t a r t e d .  The i n v e r t e r s  must be  un- 
p a r a l l e l e d  during t h e  t r a n s i t i o n  per iod  s i n c e  each i n v e r t e r  would 
be opera t ing  a t  i t s  own un i junc t ion - t r ans i s to r  re laxa t ion-osc i l -  
l a to r  frequency. The use of faster s t a r t i n g  osci l la tors  such as 
c r y s t a l  osci l la tors ,  mul t iv ib ra to r s ,  etc., would shor t en  t h e  
t r a n s i t i o n  pe r iod  considerably.  I t  should be noted t h a t  a para l -  
l e l  i n v e r t e r  system w i l l  always be d i s tu rbed  f o r  a t  l eas t  a f rac-  
t i o n  of a second i f  t h e  opera t ing  frequency re ference  should f a i l ,  

I t  would be d i f f i c u l t  t o  i n s t a n t l y  switch t o  another  fre- 
quency r e fe rence  and t o  have t h e  new frequency r e fe rence  ope ra t e  
a t  t h e  s a m e  frequency and i n  phase wi th  t h e  vo l t age  pu l ses  t h a t  
would have occurred i f  t h e  f i r s t  frequency re ference  had no t  
f a i l e d .  A s u i t a b l e  c i r c u i t  has been developed f o r  acconiplish- 
i ng  t h i s  switching func t ion  and achieves t h i s  t r a n s i t i o n  i n  less 
than one mil l isecond.  

The second problem associated wi th  t h e  frequency-locking 
method i s  t h a t  f o r  each a d d i t i o n a l  i n v e r t e r  t h a t  i s  i n s e r t e d  i n  
a p a r a l l e l  i n v e r t e r  system, a resistor and a diode must be added 
t o  every i n v e r t e r  i n  t h e  p a r a l l e l  system. For a p a r a l l e l  in -  
verter system having n i n v e r t e r s ,  t h e r e  must be n-1 such re- 
s i s t o r s  and n-1 such diodes. i n  each of t h e  i n v e r t e r  frequency- 
locking c i r c u i t s .  With t h i s  frequency-locking method, t h e  
number of in te rconnec t ions  between i n v e r t e r s  i nc reases  as t h e  
number of i n v e r t e r s  i n  t h e  system increases .  Hence, as t h e  num- 
b e r  of necessary in te rconnec t ions  inc reases ,  t h e  r e l i a b i l i t y  of 
these  in te rconnec t ions  decreases. 

Another important cons idera t ion  is  t h a t  t h e  maximum number 
of s t a t i c  i n v e r t e r s  of a given design which can be operated i n  
p a r a l l e l  i s  l i m i t e d  by t h e  number of r e s i s t o r s  and diodes i n  
each frequency-locking c i r c u i t .  I t  would be m o r e  d e s i r a b l e  t o  
be a b l e  t o  p a r a l l e l  an unl imited number of s t a t i c  i n v e r t e r s  of 
a given design,  I n  t h i s  way, a s tandard  i n v e r t e r  design could 
be u t i l i z e d  i n  a wide v a r i e t y  of app l i ca t ions .  

A p r a c t i c a l  s o l u t i o n  t o  t h i s  problem is  a v a i l a b l e  and i s  
recommended. The s o l u t i o n  i s  t o  use  a s i n g l e  frequency r e f e r -  
ence which i s  phys ica l ly  separa ted  from a l l  of t h e  i n v e r t e r s .  
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The frequency r e fe rence  should con ta in  as many frequency stand- 
a rds  as requi red  t o  m e e t  t h e  d e s i r e d  r e l i a b i l i t y  wi th  a " f r e -  
quency locking c i r c u i t "  s i m i l a r  t o  t h e  one used i n  t h i s  s tudy,  
A new "frequency locking c i r c u i t "  w a s  developed which a l l o w s  
a l l  of t h e  frequency s tandards  t o  opera te  continuously.  The 
c i r c u i t  used i n  t h i s  eva lua t ion  s h u t s  o f f  a l l  b u t  one of t h e  
frequency s tandards ,  The new c i r c u i t  by-passes t h e  disadvantage 
of t h e  long s t a r t - u p  t i m e  of a tuning-fork o s c i l l a t o r  mentioned 
above and minimizes t h e  frequency d is turbance  which r e s u l t s  
from changing frequency s tandards.  

Each i n v e r t e r  package should conta in  i t s  own uni junct ion-  
t r a n s i s t o r  r e l a x a t i o n - o s c i l l a t o r  or some o t h e r  type  osc i l la tor ,  
which can be synchronized with t h e  frequency reference.  Then 
each i n v e r t e r  can be operated unpara l le led  and independent of 
t h e  frequency r e fe rence  i f  t h e  frequency re ference  w e r e  t o  f a i l  
completely. A un i junc t ion - t r ans i s to r  r e l a x a t i o n - o s c i l l a t o r  can 
be accura te  t o  about one percent .  The number of necessary i n t e r -  
connections between t h e  i n v e r t e r s  would no t  be a f f e c t e d  by t h e  
number of i n v e r t e r s  i n  t h e  p a r a l l e l  system. The number of com-  
ponents i n  each i n v e r t e r  would no t  be a f f e c t e d  by t h e  number of 
i n v e r t e r s  i n  t h e  p a r a l l e l  system, Therefore,  a s tandard i n v e r t e r  
of t h i s  type  could be b u i l t  and operated independently o r  i n  
p a r a l l e l  with an unl imited number of s i m i l a r  i n v e r t e r s .  

Phase Locking. - The phase-locking c i r c u i t s  functioned prop- 
e r l y .  The osc i l l o scope  traces i n  f i g u r e  1 0  show t h e  i n v e r t e r s  
opekating ou t  of phase and i n  phase.- The i n v e r t e r s  w e r e  forced 
t o  ope ra t e  i n  phase by c los ing  switch K4 shown i n  f i g u r e  9. 

The method of c l o s i n g  switch K 4  t o  lock t h e  i n v e r t e r  count- 
down c i r c u i t s  i n  phase is undes i rab le  from a system t r a n s i e n t  
s tandpoint .  A s  mentioned previous ly ,  when t h e  frequency-locking 
c i r c u i t s  are energized,  t h e  output  vo l tages  can be o u t  of phase 

When switch K4 is  closed,  one or by 45n0, n = 0 ,  1, 2,  
both of t h e  countdown c i r c u i t s  i n  t h e  i n v e r t e r s  must be d i s tu rbed  
and must s h i f t  u n t i l  both countdown c i r c u i t s  opera te  An phase wi th  
each o the r .  The output  vo l tages  w i l l  be d i s tu rbed  during t h i s  
per iod of t i m e ,  I f  switches K 1 ,  K2, and K3 are c losed  simul- 
taneously and a t  random, t h e r e  is  no way of knowing which one 
(or i f  both) of t h e  countdown c i r c u i t s  w i l l  change when switch 
K4 i s  closed. Thus, t h e  system load  vol tage  could be  d i s t o r t e d  
f o r  as long as one output  cyc le  whi le  t h e  t w o  i n v e r t e r s  are 
g e t t i n g  i n  phase wi th  each o ther .  This is  no t  harmful t o  t h e  
i n v e r t e r s  b u t  could be de t r imen ta l  t o  t h e  proper opera t ion  of 
gyro-motors or o t h e r  f requency-sensi t ive devices  opera t ing  on 
t h e  bus, 

I 7 .  ... 

This  phase-locking t r a n s i e n t  can be completely e l imina ted  
i f  switches K1, K2, and K3 are i n i t i a l l y  c losed  only a t  an i n s t a n t  
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#1 

I .  
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# 2  

d 

#l I .  
0 

I .  
0 #2 

t i m e  -f (P ic tu re  #3) 

(a) Switches K1, K2, and K3 c losed  

t i m e  -f (P ic tu re  # 4 )  

(b) Switches K1, K2, K3, and K4 c losed  

Figure 1 0 .  - Oscil loscope Tracing of t h e  Collector- to-(- inp)  
Voltage of T r a n s i s t o r  Q17A on Each I n v e r t e r  Showing 
(a) t h e  I n v e r t e r s  Operating a t  t h e  Same Frequency 
b u t  Out of Phase and, (b) t h e  I n v e r t e r s  Operating 

a t  t h e  Same Frequency and I n  Phase 
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when t h e  two i n v e r t e r  countdown c i r c u i t s  are i n  phase wi th  each 
o ther .  By locking t h e  i n v e r t e r  f requencies  toge ther  a t  t h a t  
i n s t a n t ,  t h e  i n v e r t e r s  w i l l  remain i n  phase with each o t h e r  with- 
o u t  c l o s i n g  switch K4. 

This  method of simultaneous frequency and phase locking was 
experimental ly  v e r i f i e d  i n  t h e  labora tory  by manually c los ing  
switches K1, K2, and K3 when t h e  t w o  i n v e r t e r  countdown c i r c u i t s  
w e r e  observed (on a dual-channel o sc i l l o scope )  t o  be i n  phase 
with each o t h e r ,  For  ou tput  frequency d i f f e r e n c e s  above 0 . 1  
cyc le  pe r  second, it would be impossible t o  phys ica l ly  observe 
t h e  proper  p a r a l l e l i n g  condi t ions  and t o  manually close switches 
K1, K2, and K3 a t  t h e  proper i n s t a n t .  Thus, an automatic para l -  
l e l i n g  c i r c u i t  i s  needed t o  a s su re  t h a t  p a r a l l e l i n g  i s  achieved 
a t  t h e  proper  i n s t a n t .  Such an automatic p a r a l l e l i n g  c i r c u i t  
w a s  developed on t h i s  program and is  repor ted  i n  NASA CR-1225.  

Conventional methods for t h e  automatic p a r a l l e l i n g  of ro ta -  
t i n g  ac  genera tors  r e l y  on observa t ions  of t h e  corresponding 
genera tor  te rmina l  vo l tages  t o  determine whether two genera tors  
are near  enough i n  phase t o  be p a r a l l e l e d .  This method i s  not  
s u f f i c i e n t l y  accu ra t e  f o r  p a r a l l e l i n g  s ta t ic  i n v e r t e r s  because 
of t h e  s t a t i c  i n v e r t e r  i n t e r n a l  impedance. For  example, i f  t w o  
i d e n t i c a l  i s o l a t e d  s t a t i c  i n v e r t e r s  are d i s s i m i l a r l y  loaded and 
t h e i r  r e spec t ive  output  vo l tages  are exac t ly  i n  phase wi th  each 
o the r ,  t h e  t w o  countdown c i r c u i t s  w i l l  not  be i n  phase with each 
o the r .  For  t h i s  reason, t h e  s t a t i c  i n v e r t e r  te rmina l  vo l tages  
cannot be used t o  determine whether two countdown c i r c u i t s  are 
i n  phase. For tuna te ly ,  t h e  i n s t a n t  t h a t  t h e  countdown c i r c u i t s  
are i n  phase can be e a s i l y  determined with simple s t a t i c  l o g i c  
c i r c u i t s .  Two i n v e r t e r  countdown c i r c u i t s  are i n  phase with 
each o t h e r  and can be connected t o  t h e  same frequency re ference  
during t h e  per iods  when t r a n s i s t o r s  Q 4 ,  Q18A, A18B, Q18C, and Q18D 
of both i n v e r t e r s  are conducting. (See f i g u r e  11.) This moment 
can be determined by a "NOR" c i r c u i t  as d iscussed  i n  NASA CR-1225 .  

Load Division. - The d a t a  taken during t h e  p a r a l l e l  i n v e r t e r  
tests show t h a t  t h e  load-divis ion c i r c u i t  performance m e t  o r  
exceeded t h e  performance s p e c i f i e d  previously.  These d a t a  are 
discussed i n  d e t a i l  i n  t h e  following paragraphs. 

Load-division c i r c u i t  gain:  The a c t u a l  load-divis ion c i r c u i t  
g a i n  w a s  measured i n  t h e  labora tory .  The g a i n  w a s  determined on 
an i s o l a t e d  i n v e r t e r  as follows: 

(1) F i r s t  t h e  no-load te rmina l  vo l tage  (VNL REG) w a s  measured. 

( 2 )  Then a l l  e x t e r n a l  leads t o  t h e  load  d i v i s i o n  CT termin- 
a ls  X1 and X2 w e r e  disconnected. 
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Figure 11. - Schematic Diagram of Inverter /Converter  Models t o  
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(3) Then a balanced 0.5 lagging PF load t h a t  drew a 1 .0  pu 
c u r r e n t  p e r  phase w a s  connected t o  the  inverter .  The new te rmina l  
voltage V' w a s  then measured, 

then t h e  a c t u a l  load-d iv is ion-c i rcu i t  ga in  can be ca l cu la t ed :  

) - =  avt -(. - V' 

a l ~ ~  'NL REG 

The a c t u a l  ga in  obtained by t h e  above procedure w a s  

which exceeds t h e  design goa l  of 

- =  -0 .412 .  
a l ~ ~  

Load d i v i s i o n  wi th  balanced three-phase loads: The load- 
d i v i s i o n  c i r c u i t  performance f o r  balanced three-phase loads  w a s  
very close t o  t h e  performance predic ted  by t h e  theory.  The 
test  d a t a  w e r e  taken wi th  0.5 pu loads of both 1 . 0  and 0.75 
lagging PF. 

The 1 . 0  PF load case gave a 9 percent  c u r r e n t  unbalance and 
6 .9  percent  r e a l  load  unbalance. The 0.75 PF case  gave a 7.8 
percent  c u r r e n t  unbalance, a 4.6 percent  real  load unbalance, 
and a 8.6 reactive load unbalance. 

The c u r r e n t  unbalance obtained wi th  t h e  t w o  power f a c t o r  loads 
can be f u r t h e r  v e r i f i e d  by use of  t he  measured load-division- 
c i r c u i t  ga in  and t h e  measured i n t e r n a l  impedance of t h e  i n v e r t e r  
(see earlier d iscuss ion  of S t a t i c  I n v e r t e r  P a r a l l e l i n g  Evaluat ion) .  
These values  are 

Z1 = 0.305 pu /70.3O = 0.103 + j 0.288 

and 

- -  avt - -0 .45 
DQ a 1  

aE The a c t u a l  value of - is  obtained by using t h e  following 
a l ~ ~  

35 



equation: 

aE aE _I_ avt = 39(-0.45) = -17.55 a~ = 5) aIDQ 
DQ 

For the unity power factor 0.5 pu test case, 

(33) 

The terminal voltage for 50 percent load was set on one inverter 
at 110.5 volts. Since equation (2b) gives AE z - Z  AIQ, then 
equation (B9a) becomes 

1 

(35) 110.5 - 115.2) + 17.55 AI 
115 Q -0.305 AIQ = (1.06 + 38) ( 

or 

which is very close to the test values of 0.09 pu, 

Similar calculations for the 0.75 lagging PF, 0.5 pu test case 
give 

AIQ = 0.084 pu (37) 

while the actual test data give 

AIQ = 0.078 pu (38) 

These results verify the design procedure quite well. 

The transient response of the inverters during paralleling 
was determined by a recording oscillograph. There was essentially 
no transient when paralleling two equally loaded inverters; so 
those oscillographs are not shown. A typical oscillograph re- 
cording of the transient caused by paralleling an unloaded in- 
verter with a loaded inverter is shown in figure 12. The tran- 
sient lasts about 30 milliseconds. The transient caused by 
suddenly applying rated load to two parallel inverters is shown 
in figure 13. 
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Load d i v i s i o n  with unbalanced three-phase loads:  I t  w a s  
des i r ed  t o  demonstrate t h a t  t h e  p a r a l l e l e d  inverters would sha re  
load s a t i s f a c t o r i l y  under unbalanced load condi t ions ,  par t icu-  
l a r l y  i f  t h e r e  w a s  no load on phase C, The load-divis ion c i r c u i t  
senses  t h e  d i f f e r e n t i a l  c u r r e n t  of only one phase i n  each i n v e r t e r .  
Figure 11 shows t h a t  phase t o  be phase C. Phase C c u r r e n t  i s  
designated as A3 on f i g u r e  14. Figure 1 4  conta ins  before  and 
af ter  p a r a l l e l i n g  d a t a  taken under one of t h e  d i f f e r e n t  unbalanced 
load condi t ions  t e s t e d .  The osc i l l og raph  recording shows phase A 
c u r r e n t s  and voltages for  both i n v e r t e r s  f o r  t h a t  condi t ion.  The 
ind iv idua l  phase c u r r e n t s  and w a t t s  w e r e  shared wi th in  1 4  percent  
of r a t e d  c u r r e n t  and w a t t s  i n  a l l  cases. The worst  case, as 
expected, occurs when phase C i s  unloaded, 

These d a t a  ( n o t  shown) i l l u s t r a t e d  a p o s s i b l e  disadvantage 
of  r egu la t ing  t h e  average of t h e  three-phase vol tages .  The out- 
p u t  te rmina l  vo l tages  under t h e  ind iv idua l  phase loads can be 
made t o  sha re  very c l o s e l y  without  sensing a l l  t h r e e  of t h e  phase 
cur ren ts .  The ind iv idua l  phase vol tages  can be made t o  s t a y  
wi th in  a predetermined range wi th  a predetermined amount of load 
unbalance by jud ic ious ly  designing t h e  output  f i l t e r ,  Ind iv idua l  
phase vol tage  r egu la t ion  should be used when extremely close 
ind iv idua l  phase vol tage  r egu la t ion  i s  requi red ,  This approach 
r e q u i r e s  a m o r e  complex vo l t age  r egu la t ion  c i r c u i t  and r e q u i r e s  
t h a t  d i f f e r e n t i a l  load  c u r r e n t s  be sensed i n  each output  phase. 

Load d i v i s i o n  wi th  unequal i n v e r t e r  i npu t  vol tages:  The 
i n v e r t e r s  were designed t o  ope ra t e  with an inpu t  vo l t age  range 
of 26 t o  30 vol t s  dc. The e f f e c t  on t h e  load-divis ion c i r c u i t  
'operat ion due t o  v a r i a t i o n  of t h e  inpu t  vo l t age  w a s  i n s i g n i f i c a n t .  

Load d i v i s i o n  whi le  s t a r t i n g  an induct ion motor: Figure 1 5  
i s  an osc i l l og raph  recording showing a 1/8 hp induct ion  motor 
s t a r t i n g  c u r r e n t  t r a n s i e n t  being suppl ied by inve r t e r  #l. Figure 
1 6  i s  an osc i l l og raph  recording showing t h e  motor s t a r t i n g  c u r r e n t  
being suppl ied  by t h e  t w o  i n v e r t e r s  connected i n  p a r a l l e l .  N o t e  
t h a t  t h e  p a r a l l e l  i n v e r t e r s  sha re  cu r ren t  during t h e  s t a r t i n g  
t r a n s i e n t .  This shows t h a t  a motor which r equ i r e s  more s t a r t i n g  
c u r r e n t  than one i n v e r t e r  can supply, can be s t a r t e d  with t w o  o r  
more i n v e r t e r s  connected i n  p a r a l l e l ,  

p e d a n i  
was determined a n a l y t i c a l l y  i n  appendix D. 
impedance w a s  found t o  be 

Experimental determinat ion of  s t a t i c  i n v e r t e r  i n t e r n a l  i m -  

The i n t e r n a l  

Z1 0.27 pu /77.8O (37) 

The ac tua l  i n t e r n a l  impedance of t h e  s ta t ic  i n v e r t e r  breadboard 
w a s  determined experimental ly  by t h e  use  of Thevinen's Theorem. 
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The a c t u a l  va lue  w a s  determined t o  be 

Z1 0.305 pu /70,3O (38) 

which i s  i n  reasonably close agreement wi th  t h e  o r i g i n a l l y  cal- 
cu la t ed  va lue  above. 

Because of t h e  r e l a t i v e  ease of measuring t h e  i n t e r n a l  i m -  
pedance of a s ta t ic  i n v e r t e r ,  t h i s  procedure is p re fe r r ed  t o  t h e  
c a l c u l a t i o n  method descr ibed  i n  appendix D and should be used 
whenever an i n v e r t e r  model i s  a v a i l a b l e  f o r  t h e  purpose. 

CONS1 DERATIONS FOR PARALLELING 
STATIC CONVERTERS 

L o a d - S h a r i n g  C o n t r o l  Method 

Load shar ing  between p a r a l l e l e d  conver te rs  can be accomplished 
by ad jus t ing  t h e  i n t e r n a l  vo l tage  of each conver te r  as a func t ion  
of d i f f e r e n t i a l  load cu r ren t .  The output  c u r r e n t  of each con- 
v e r t e r  must be sensed and compared t o  t h e  average output  c u r r e n t  
of a l l  p a r a l l e l e d  converters .  The i n t e r n a l  vo l t age  of each con- 
v e r t e r  should be au tomat ica l ly  ad jus ted  t o  g i v e  proper load 
d i v i s i o n ,  The proper load-divis ion r a t i o  f o r  each conver te r  
i s  determined by t h e  r a t i o  o f - t h e  kW r a t i n g  of t h e  ind iv idua l  
conver te r  t o  t h e  sum of t h e  kW r a t i n g s  of a l l  p a r a l l e l e d  con- 
v e r t e r s .  This s tudy is  concerned wi th  p a r a l l e l i n g  s i m i l a r  
conver te rs ,  so each conver te r  should supply an equal  cu r ren t .  

The load-divis ion c i r c u i t  incorporated i n  t h e  t w o  model 
conver te rs  i s  shown schematical ly  i n  f i g u r e s  1 7  and 11. Figure 
17 ,  which shows t w o  conver te rs  connected i n  p a r a l l e l ,  w i l l  be 
r e f e r r e d  t o  i n  descr ib ing  t h e  opera t ion  of t h e  load-divis ion 
c i r c u i t .  

The conver te r  opera t ion  and vol tage  r egu la t ion  method are 
descr ibed la te r  under t h e  heading "Single  Converter Operation 
T e s t . "  The t r ansduc to r  c i r c u i t  remains unchanged except  for t h e  
add i t ion  of a f i l t e r  capac i to r ,  C23, across i t s  output .  This  
capac i to r  and a conver te r  ou tput  f i l ter ,  L6 and C22,  w e r e  found 
necessary t o  prevent  l o w  frequency modulation of t h e  ind iv idua l  
conver te r  load c u r r e n t s  during p a r a l l e l  operat ion.  When CONVERTER 
A LOAD CURRENT equals  CONVERTER B LOAD CURRENT, t h e  t ransductor  
ou tputs  across R69A and R69B are equal.  During t h i s  condi t ion ,  
t h e r e  i s  no p o t e n t i a l  d i f f e r e n c e  t o  cause a c u r r e n t  t o  flow i n  
t h e  Y1 c i r c u i t .  I f  CONVERTER B LOAD CURRENT exceeds CONVERTER 
A LOAD CURRENT, then t h e  vol tage  across R69B exceeds t h e  vol tage  
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across  R69A and a cu r ren t ,  Iyl, w i l l  flow i n  t h e  d i r e c t i o n  shown, 
This cu r ren t  reduces t h e  vol tage drop across  R68B and R15B which 
increases  t h e  vol tage across  t h e  vol tage de t ec to r  bridge: R18B, 
R19B, CR55, and CR56. The unbalanced br idge causes a cu r ren t  t o  
flow i n  t h e  magnetic-amplifier con t ro l  winding i n  t h e  d i r e c t i o n  
shown; t h i s  con t ro l  c u r r e n t  causes t h e  assoc ia ted  voltage-booster 
t o  reduce t h e  dc vol tage appl ied t o  INVERTER B which causes CON- 
VERTER B LOAD CURRENT t o  decrease,  The p o l a r i t y  of I shown 
causes t h e  opposi te  e f f e c t  i n  CONVERTER A LOAD CURRENT. These 
e f f e c t s  toge ther  tend t o  cause t h e  converter  load cu r ren t s  t o  
remain near ly  equal.  Any number of s i m i l a r  converters  may be 
connected i n  p a r a l l e l  by t h i s  method. 

Y1 

C i  r c u i  t D e s i g n  C a l c u l a t i o n s  

I n  t h e  c i r c u i t  design, t he  open-loop ga in  value was used a s  
t h e  closed-loop ga in  value,  Therefore,  t he  a c t u a l  open-loop gain 
w a s  h igher  than was necessary t o  m e e t  t h e  design c r i t e r i o n .  The 
maximum allowable cu r ren t  unbalance is  der ived below. 

The converter  i n t e r n a l  vo l tage ,  E (i.e., t h e  no-load output  
v o l t a g e ) ,  w i l l  change an amount equal t o  t h e  vol tage across  re- 
s i s t o r s  R68 and R15 which i s  caused by cu r ren t  Iul. The t rans-  
ductor output  vol tage can be considered a vol tage source with an 
i n t e r n a l  impedance of R69. The t ransductor  output  vo l tage  i s  
r e l a t e d  t o  t h e  converter  output  cu r ren t  by t h e  following r a t i o :  

Transductor output  v o l t s  - - 20 v o l t s  
Converter load cu r ren t  4.88 amps 

I f  CONVERTER B OUTPUT CURRENT exceeds t h e  AVERAGE CONVERTER 
OUTPUT CURRENT, t h e  d i f f e rence  between t ransductor  B output  
vol tage and t h e  average t ransductor  output  vol tage w i l l  be 
propor t iona l  t o  t h e  d i f f e r e n t i a l  cu r ren t  IDR. The po r t ion  of 

t h e  d i f f e r e n t i a l  t ransductor  output  vol tage which a f f e c t s  t h e  
vol tage across  r e s i s t o r s  R68 and R15 i s  determined by t h e  r a t i o  
of R68 + R15 t o  R68 + R 1 5  + R69,  The closed-loop load-division 
c i r c u i t  ga in  i s  therefore :  

avt - Transductor ou tput  v o l t s  R68 + R 1 5  
R68 + R15 + R69  

- -  
Converter load cu r ren t  

-20 v o l t s  4.46K x- - - 
4.88 amps 5.56K 

converter  dc v o l t s  change ( 4 0 )  
dc amperes unbalanced cu r ren t  = -3.28 
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This  ga in  ca l cu la t ed  i n  per -uni t  va lues  is: 

- - -  aE - 
avS 

avt 1 pu dc v o l t s  4.88 dc amperes 
153.5 dc v o l t s  1 pu dc amperes - *-I- = -3.28 x 

E~~ - v~~ REG 

v~~ REG - 'FL REG 

'~DR 

- = -  aE 
avS 

= -0.105 

1'1 + 'LI (0,9939')-1 
zL 

0,0061 

= -0.105 

The load  unbalance 
be der ived  next.  

The open-loop ga in  

pu dc  vol ts  
pu dc  unbalanced cu r ren t  

(0.816) (115) - u ac v o l t s  - 
153.5 - O o o 6 '  Fu unbalanced ac  cu r ren t  

(42) 

l i m i t  f o r  t h i s  foad-divis ion c i r c u i t  ga in  w i l l  

of t he  vol tage  r egu la to r  i s  expressed as follows: 

where EFL i s  t h e  i n t e r n a l  vo l tage  necessary t o  ob ta in  r a t e d  
te rmina l  vo l tage  VFL REG - ( a t  f u l l  load)  , and 

- IZ1 + zLI  

zL 'FL REG E~~ - 

I f  t h e  c losed  loop regula t ion  is  0 - 7  v o l t s  l ine- to-neut ra l  o r  

0,9939 pu v o l t s ,  then 

- 0.0061 pu v o l t s  and assuming VNL REG = 1.0 pu and VFL REG - 

(43) 

( 4 4 )  

(45) 

where Z1 = 0.27 /77.8O pu (appendix D), and ZL must be determined. 

A r e s i s t i v e  load  on a three-phase full-wave br idge  appears as an 
impedance of 0.955 power f a c t o r  lagging (reference 2 )  t o  t h e  
source. 
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Also 
Iac = 0.816 Idc 

I(0.27/75.8 + 1.058 /COS-' 0.955) '1 (o.9939)-1 
1.058 

3E av,=- 

The VA of t h e  source i s  expressed as 

(53) 

so t h e  w a t t s  suppl ied by the source,  including t h e  diode l o s s e s  
are: 

= 0 (115) (0.816) (4.886) (0.955) 
= 757.5 w a t t s  (49) 

Also 

(Idc)2 % = 750 w a t t s  (50) 

= 757.5 w a t t s  2 
(Idc) R 

eqL 

so 
- -  - 75705 % = 1 . 0 1  pu 750 R 

eqL 

1.01 -1 
0.955 

. .  
/cos 0*955 = 1.058 . . z L -  

-1 
PU (52) /cos 0.955 

Knowing Z1 and ZL, t h e  requi red  vol tage  r egu la to r  ga in  can now 
be determined: 

= -22.87 
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This ga in  means t h a t  i f  t h e  converter  i s  operated open loop (i.e., 
t h e  output-voltage-sensing c i r c u i t  is  disconnected from t h e  con- 
v e r t e r  output  t e rmina l s ) ,  a one-volt increase  i n  sensing vol tage 
w i l l  decrease the  converter  output  vo l tage  22.87 v o l t s .  
of t h e  vol tage r egu la to r  w a s  se t  t o  t h a t  value.  

The ga in  

Equation B9 of appendix B is: 

Assuming 115 f. 0 .2  v o l t s  l i ne - to - l ine  vol tage to le rance  s e t t i n g ,  
then l e t t i n g  

= 1.00174 pu v l L  

and 

vo = v = 1.0 p'u 
PL 

w i l l  g ive  t h e  maximum change. 

so 

AE = 0,00174(22.87 + 1 , 1 4 6 )  + - (AI) 
a 'DR 

= (0 .0419)+  - ( A I ) .  
"DR 

Since A I  max. 

- AE max - 
0.27 

Therefore,  
3E 0.27 AI max = (0.0419) + - A I  rnax, 
a l ~ ~  

( 5 5 )  

48 



or 

0.0419 
E AI max = 

The expression which relates the open-loop gain - aE to the 
avt closed-loop gain - 
a I ~ ~  

a l ~ ~  
is 

-(23.87) (0.061) = -1.39 aE aE avb - =  (I--) - =  
a IDR avs a l ~ ~  

0*041? = 0,025 pu AI max = 1.66 

(59) 

This is a close limit for a load-division circuit. From the deri- 
vation of this gain, it is apparent that the load-division circuit 
can be designed to have any desired gain for any desired load- 
division limit. Permitting a wider tolerance on the initial input 
voltage setting (e.g., 115 & 4.8 volts instead of 115 & 0.2 volts) 
requires an increase in the-open-loop gain of the load-division 

L circuit. In order to maintain a 0.10 pu current unbalance with 
a voltage setting of 115 2 4.8 volts, the open-loop gain of the 
load-division circuit would have to be -9-78 instead of -1.39 as 
used above. The load-division circuit gain can be increased by 
increasing the rated transductor output voltage and/or decreasing 
the rated output voltage of the converter. Actual test results 
of this circuit are given in the following section, Single Con- 
verter Operation Test, 

Single-Converter Operation Tes t  

Terminal board interconnections were made on each inverter/ 
converter model. This changes the static inverter output from 
wye to delta and connects this output to a three-phase full-wave 
rectifier. The output of the rectifier is considered the output 
of the static converter model. This dc output voltage was 
connected to the same zener voltage reference and voltage 
regulator circuit that was used for the static inverter. Re- 
sistor R15 regulates the converter output voltage at 153.5 volts 
dc, the rated converter output voltage. 
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L o a d - D i v i s i o n  Circuit E v a l u a t i o n  

To eva lua te  t h e  p a r a l l e l  performance of the load-division 
c i r c u i t ,  t he  two s ta t ic  converte Is w e r e  interconnected. 
The converter  ou tput  c u r r e n t  w e  nsductor T30 t o  
produce a dc output  vo l tage  p r  e converter  dc 
output  cur ren t .  The t ransductor  ou tput  vo l tage  appears across  
t h e  va r i ab le  r e s i s t o r ,  R69. T h i s  v a r i a b l e  resistor was set i n  
each static conver te r  model by applying rated load (4 .88 amperes 
dc) t o  each conver te r  and ad jus t ing  r e s i s t o r  R69 u n t i l  20 v o l t s  
dc w a s  measured across  it. The t ransductor  operat ing character- 
istics were recorded f o r  each model f r o m  0 t o  6 amperes. This 
data is  p l o t t e d  i n  f i g u r e  18. Figure 18 shows t h e  good l i n e a r i t y  
and r e p e a t a b i l i t y  which can be obtained f r o m  these simple-satur- 
able-reactor  c i r c u i t s .  This l i n e a r i t y  and r e p e a t a b i l i t y  are 
necessary t o  ob ta in  good cu r ren t  d iv i s ion  between o r  among con- 
v e r t e r s  over w i d e  load ranges. 

Subsequent test  r e s u l t s  i nd ica t ed  t h a t  a f i l ter  capac i tor  
was necessary across  R69 t o  e l imina te  low frequency modulation 
of the converter  output  voltage.  A four  microfarad capac i tor  
w a s  added across  R69 and the  t ransductor  operat ing c h a r a c t e r i s t i c s  
w e r e  measured again.  The add i t ion  of t h i s  f i l ter  capac i tor  across  
t h e  t ransductor  ou tput  required a small  adjustment of R69. 

CONVERTER DC OUTPUT CURRENT (AHPERES) 

Figure 18. - Linea r i ty  of Transduckor Unf i l te red  Output Voltage 

50 



When the  two conver te rs  w e r e  connected i n  p a r a l l e l ,  load 
cu r ren t  w a s  shared b e t t e r  than expected. The requirements f o r  
p a r a l l e l i n g  converters  are simple compared t o  those  encountered 
f o r  p a r a l l e l i n g  i n v e r t e r s ,  The converter  output  vo l tages  must 
be near ly  t h e  same before p a r a l l e l i n g .  The Y1 t e rmina ls  must be 
connected a t  t h e  same i n s t a n t  t h e  converter  output  terminals  a r e  
connected i n  p a r a l l e l .  For t h e  i n i t i a l  p a r a l l e l i n g  evaluat ion,  
each converter  output  vo l tage  w a s  set a t  153.5 v o l t s ,  no-load, 
p r i o r  t o  p a r a l l e l i n g .  Af te r  p a r a l l e l i n g ,  load d iv i s ion  was de- 
termined f o r  0 ,  25 ,  50, 75, 100, and 125 percent  loads. These 
test r e s u l t s  a r e  p l o t t e d  i n  f i g u r e  19.  Osci l lograph recordings 
w e r e  made of both converter  output  vo l tages  and cu r ren t s  during 
the  p a r a l l e l i n g  operat ions.  Figure 20 is  t h e  osc i l lograph  re- 
cording made during t h e  p a r a l l e l i n g  operat ion with r a t e d  load 
on each converter  p r i o r  t o  pa ra l l e l ing .  T h i s  i s  t y p i c a l  of t h e  
osc i l lograph  recordings made a t  the  o the r  loads.  

'0 

Figure 19 .  - Current Unbalance Between Two Converters 
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Figure 2 1  i s  an osc i l lograph  recording taken t o  demonstrate 
t h a t  an unloaded converter  could be p a r a l l e l e d  with a f u l l y  loaded 
converter.  The load cu r ren t  unbalance between converters  w a s  1 .4  
percent  a f t e r  p a r a l l e l i n g .  

To demonstrate t h a t  l a r g e  load t r a n s i e n t s  can be sus ta ined  by 
t h e  p a r a l l e l e d  converters ,  t h e  unloaded converters  w e r e  connected 
i n  p a r a l l e l .  A 1 0 0  percent  r a t e d  load w a s  then appl ied simultan- 
eously t o  both converters .  Figure 22 is  t h e  osc i l lograph  recording 
of t h i s  load t r a n s i e n t .  

I d e n t i c a l  regula ted  s t a t i c  converters  w i l l  share  load p e r f e c t l y  
when p a r a l l e l e d  without  a load-division c i r c u i t  i f  t he  regula ted  
vol tage of each converter  i s  exac t ly  the  same before p a r a l l e l i n g .  
However, t h i s  i s  no t  usua l ly  t h e  case. The real purpose of in- 
corporat ing a load-division c i r c u i t  i n  each converter is t o  assure  
t h a t  load cu r ren t  w i l l  be s a t i s f a c t o r i l y  divided f o r  t h e  genera l  
case when t h e  regulated vol tage of each converter  is  not  exac t ly  
t h e  same before  p a r a l l e l i n g .  To ensure t h a t  t h e  incorporated 
load-division c i r c u i t  s a t i s f a c t o r i l y  mgets t h i s  purpose, tests 
w e r e  conducted with t h e  regula ted  vol tage of each converter  i n -  
t e n t i o n a l l y  set t o  d i f f e r e n t  l e v e l s  before  p a r a l l e l i n g .  For one 
series of tests, one converter  no-load output  vol tage was set a t  
1 4 8  v o l t s  dc and t h e  o t h e r  converter  no-load output  vol tage was 
set a t  158 v o l t s  dc, p r i o r  t o  p a r a l l e l i n g .  Af te r  p a r a l l e l i n g ,  
t he  converter  output  vol tage became 1 5 4  v o l t s  dc a t  l i g h t  loads,  
which i s  near ly  t h e  average of t h e  two output  vol tages  p r i o r  t o  
p a r a l l e l i n g .  The maximum load cu r ren t  unbalance was 4.5 percent ,  
which i s  very good f o r  t hese  test  condi t ions.  Figure 23 i s  an 
osc i l lograph  recording of t h e  p a r a l l e l i n g  t r a n s i e n t  w i t h  1 0 0  
percent  load connected t o  each converter  p r i o r  t o  p a r a l l e l i n g .  

NOTE: The s i g n a l  which appears on t h e  bottom of a l l  
converter  p a r a l l e l i n g  osc i l lographs  t o  i n d i c a t e  
whether t h e  converters  a r e  p a r a l l e l e d  o r  i so-  
l a t e d  i s  con t ro l l ed  by an a u x i l i a r y  con tac t  on 
t h e  p a r a l l e l i n g  breaker.  This s i g n a l  occurs 
from 3 t o  5 mil l iseconds before  t h e  converters  
appear t o  be pa ra l l e l ed .  (See f i g u r e  23 f o r  
example.) I t  is bel ieved t h a t  t h e  p a r t i c u l a r  
breaker  used f o r  p a r a l l e l i n g  t h e  converters  
had t h i s  c h a r a c t e r i s t i c .  That i s ,  t h e  a u x i l i a r y  
con tac t s  a c t u a l l y  c losed before  t h e  main contac ts  
closed. This.was n o t  no t iceable  with t h e  breaker 
used t o  p a r a l l e l  t h e  i n v e r t e r s .  
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DISCUSSION OF RESULTS 

The good c o r r e l a t i o n  between experimental  d a t a  and calcu- 
l a t e d  values from t h e  developed a n a l y t i c a l  techniques i n d i c a t e s  
t h a t  t h e  developed a n a l y t i c a l  technique is  va l id .  This method 
of ana lys i s  f o r  s ta t ic  i n v e r t e r s  o r  s ta t ic  converters  opera t ing  
i n  p a r a l l e l  i s  an e x c e l l e n t  s t a r t i n g  po in t  f o r  analyzing how any 
type of i n v e r t e r  can be operated and con t ro l l ed  i n  a p e r a l l e l  
sys t e m .  

I n  analyzing t h e  p a r a l l e l  opera t ion  of any i n v e r t e r  con- 
f igu ra t ion ,  one should s t a r t  with the a n a l y t i c a l  techniques 
developed here in  and apply these  p r i n c i p l e s ,  with whatever mod- 
i f i c a t i o n s  are necessary because of t h e  i n v e r t e r  c i r c u i t s  under 
considerat ion,  t o  determine how t h e  system under considerat ion 
w i l l  operate .  

CONCLUSIONS 

Analy t ica l  techniques have been developed t o  de f ine  t h e  
e l e c t r i c a l  c i r c u i t  condi t ions t h a t  must be s a t i s f i e d  i n  order  
f o r  s ta t ic  i n v e r t e r s  t o  be operated i n  p a r a l l e l .  S imi la r  con- 
d i t i o n s  have been def ined f o r  s t a t i c  converters  operat ing i n  
p a r a l l e l .  

The r e s u l t s  of laboratory eva lua t ion  of t he  s t a t i c - i n v e r t e r  
' p a r a l l e l i n g  c i r c u i t s  demonstrated t h a t  i n v e r t e r s  can be satis- 

f a c t o r i l y  p a r a l l e l e d  i f  t he  necessary condi t ions are s a t i s f i e d .  
Br i e f ly  these condi t ions are: (a) a l l  i n v e r t e r s  must opera te  
a t  exac t ly  t h e  same frequency: (b)  t h e  i n t e r n a l  vol tage of a l l  
i n v e r t e r s  must be i n  phase with each o the r  a t  a l l  t i m e s ;  (c) 
a l l  nominal regula ted  output  vo l tages  must be t h e  same: and (d)  
each i n v e r t e r  must have provis ions f o r  i n su r ing  proper  load d i v i -  
sion. 

The tes t  r e s u l t s  demonstrated conclusively t h a t  both r e a l  
and r e a c t i v e  load can be divided s a t i s f a c t o r i l y  between p a r a l l e l e d  
s t a t i c  i n v e r t e r s .  The a c t u a l  load d i v i s i o n  between p a r a l l e l e d  
i n v e r t e r s  w a s  even b e t t e r  than predic ted  by t h e  design procedure. 
Any reasonable load d iv i s ion  requirement can be m e t  and any number 
of i n v e r t e r s  can be operated i n  p a r a l l e l  with t h i s  method. 

The labora tory  eva lua t ion  of t h e  s t a t i c - conve r t e r  p a r a l l e l i n g  
c i r c u i t s  showed t h a t  s t a t i c  converters  can be operated i n  p a r a l l e l  
i f  t h e  necessary condi t ions are m e t .  These condi t ions are:  (a) 
t h e  converters  must have t h e  same nominal regulated output  voltage: 
and (b) provis ions  must be provided i n  each vol tage  r egu la to r  
c i r c u i t  t o  cause t h e  converters  t o  share  load cur ren t .  
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The converter  load d i v i s i o n  method i s  adaptable t o  a w i d e  
range of converter  output  vol tages  and cu r ren t s  and can be de- 
signed t o  g ive  any desired load d i v i s i o n  accuracy. Any number 
of converters  can be operated i n  p a r a l l e l  with t h i s  method. 



APPENDIX A 

The E f f e c t  o f  I n c r e m e n t a l  Changes i n  t h e  
I n t e r n a l  V o l t a g e  S o u r c e  Magni tude  and 
Phase  on t h e  P h a s o r  Components o f  t h e  

D i f f e r e n t i a l  Current i n  P a r a l l e l  
V o l t a g e  S o u r c e  Sys tems 

Consider t h e  c i r c u i t  of  f i g u r e  24  which r ep resen t s  a vo l t age  
source,  GI, with  an i n t e r n a l  impedance, Z1, * i n  p a r a l l e l  with s i m -  
i l a r  un i t s .  I n  genera l ,  t h e r e  are two b a s i c  modes of s t eady- s t a t e  
opera t ion  of t h i s  system of N p a r a l l e l e d  u n i t s .  

F i r s t  Mode. - Cal led  equal  load d iv i s ion .  I n  t h i s  mode t h e  
t o t a l  load (i ) i s  d iv ided  equa l ly  among t h e  N u n i t s .  The 
s u b s c r i p t  o w i l l  be used t o  i d e n t i f y  q u a n t i t i e s  f o r  t h i s  mode 
of opera t ion ,  s i n c e  t h e  q u a n t i t y  would be equal  f o r  a l l  u n i t s .  

LP 

Second Mode. - Called unequal load d iv i s ion .  I n  t h i s  mode 
t h e  N u n i t s  are assumed t o  be supplying t h e  same t o t a l  load 
a t  t h e  s a m e  t e rmina l  vo l tage  as i n  t h e  f i r s t  mode, bu t  now t h e  
load i s  assumed - n o t  t o  be divided equal ly  among t h e  u n i t s .  
s u b s c r i p t  1 w i l l  be used t o  r e f e r  t o  u n i t  number 1 q u a n t i t i e s ,  
s u b s c r i p t  2 f o r  u n i t  number 2 q u a n t i t i e s ,  and so f o r t h .  

The 

A phasor diagram showing t h e  q u a n t i t i e s  used i n  t h e  following 
d e r i v a t i o n  i s  given i n  f i g u r e  25. 

- 

For  t h e  f i r s t  mode of  opera t ion ,  tak ing  Vo 
phasor,  t h e  equat ions f o r  t h e  var ious  q u a n t i t i e s  

= Jz v0 s i n  (ut + o 
0 /oo; vo vo = v 

as r e fe rence  
become : 

41 ) 

s i n  ( u t  - Y), where Y i s  t h e  t o t a l  power - E!- vo 
- - T _  

i 0  N ;  
&LP 

f a c t o r  angle.  (A3 ) 
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Figure 24. - Equivalent Circuit of Voltage Source System 

Figure 25. - Phasor Diagram Showing Quantities and Parameters 
Used in Appendix A Derivation 
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The general  mode equation f o r  f i g u r e  25 is: . 
El - Vt . - = I, 

For t h e  f i r s t  mode type of operat ion,  

I1 - - Io; El = E and Vt = Vo t he re fo re ,  
0 

. 
Eo - Vo , . . . .  
-= Io; Eo - vo = I0Zl 

z1 

S u b s t i t u t e  Equation (A3) i n t o  equation (A5) 

e o - v  - n vozl s i n  ( u t  - Y + el), -3 r 
LP 

0 

- JZ v ~ z l  s i n  ( u t  - \y + e,) + vo s i n  ( u t ) ,  z 
Lp . 

'where 8 is t h e  phase angle of t h e  i n t e r n a l  impedance. (A7 1 

Using t r i g ,  formula f o r  expansion of s i n e  of sum of t w o  angles:  

(A8 ) 42 vozl cos (e ,  -Y)* s i n  u t  + - - s i n  (e, - Y) v z  
0 

LP 
N Z  

LP 
N Z  e =  

0 

x cos u t  + Jz v0 s i n  u t  

Col lec t ing  s i n  u t  and cos u t  t e r m s :  

e = J " v 0  - z1 
LP 

cos (e1 - Y )  + 1 s i n  u t  + 
0 NZ 

z1 Jz v0 s i n  (e, - Y) cos u t  
IP 
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But 

= a Eo s i n  ( u t  + eo), where eo i s  t h e  angle  (A101 

between t h e  i n t e r n a l  vo l tage ,  Eo, and t h e  te rmina l  vo l tage ,  Voo 

O r  

= LI cos eo s i n  u t  + s i n  eo cos u t  (All) 

Comparing Equations (A9) and (All), t h e  following r e s u l t s :  

s i n  (e ,  - Y). z1 Jz s ineo  = Jz vo M Z  
LP 

Therefore ,  

t a n  - 
eo - 

s i n  (e1 - Y )  z1 
NZ 

LP 
1 + z,  

I 
COS (e, - NZ 

LP 

For t h e  second mode type  of opera t ion ,  l e t  El d i f f e r  from Eo i n  
t h e  following manner: 

el = (Eo + AE) s i n  ( u t  + eo + n e ) ,  (A151 

. 
L e t  us  r e q u i r e  Vt f o r  t h e  unbalanced condi t ion  be t h e  same a s  
Vo and s u b s t r a c t  equat ion  (A5) from equat ion (A4): 
. 

. . - E, - I1 - Io - I 

z1 

a (Eo + AE) 
el) (il - i ) =  s i n  ( u t  + eo + A0 - 

z1 0 
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Expanding t h e  s i n e  of the  sum of two angles: 

D ( E o  + AE) JzEo 
(il - io) = COS A0 s i n  ( u t  + Bo - 0,) - - 

z1 
(A18 1 

a ( E 0  + AE) 
x s i n  ( u t  -t Bo - 0,) + s i n  A0 cos ( u t  + Bo - 0 , ) .  

z1 

Combining terms and then expanding s i n  ( u t  + €lo - 0,) and 
COS ( u t  + eo - 0 , ) :  

(il - io) = COS A@- - cos ( B o  - el) s i n  u t  

s i n  ( e o  - e,) cos ut 
+ 1 a ( E i , +  AE) 

f COS (eo  - e,)  COS ut 

Collect ing s i n  (ut) and cos ( u t )  terms 

f i E  
(i, - io) = COS A0 - - O)COS ( e o  - e,) 

zl 

s i n  A0 s i n  ( e o  - 8,) s i n  u t  1 k Q ( E o  + AE) - 
z1 
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(A201 
a ( E 0  + AE) Cont, + s i n  A0 cos ( B o  - e,)] cos u t .  

z1 

Since t h e  terminal  (bus) vol tage was taken a s  t h e  re ference ,  t he  
c o e f f i c i e n t  of t h e  s i n  ( u t )  t e r m  i n  equation (A20) w i l l  be t h e  
r e a l  component of (i - io) (component i n  phase with bus vol tage)  
and t h e  c o e f f i c i e n t  of t h e  cos ( u t )  term i n  equation (A20) w i l l  
be t h e  r eac t ive  component of (i - ia) 

t o  bus vo l t ages ) .  

1 

(component a t  r i g h t  angles  

Therefore: 

AE 
COS A0 - - Eo s i n  ( e o  - e,) (Eo + 

Q(Il - Io) = (  
z.l z1 

I f  A0 and AE a r e  very s m a l l :  

N cos A0 = 1; s i n  A &  A0 radians;  (Eo + AE) = Eo. 

Then equat ions (A21) and (A22) become: 

. 
s i n  ( e o  - el)  , R ( I ~  - I ~ )  = - COS ( e o  - e,) - - - AE 

z1 
. E A0 Q(1, - Io) = -, - s i n  ( e 0  - e,) + + cos ( e o  - e l ) ,  z, 1 

( ~ 2  4 )  
I I 

I t  i s  d e s i r a b l e  t o  have equations of t h e  components (I1 - Io) 

with r e spec t  t o  a phasor o the r  than t h e  terminal  vol tage of t h e  
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phase i n  which cu r ren t  is  being sensed. Therefore, consider 
equation (A181 once more. It  could be w r i t t e n  as follows, where 
0, i s  any angle: 

n ( E 0  + AE) 
(il - io) = - cos A0 s i n  [ut + 8, + (eo - el - e 2 ) 1  

z1 
JzEo 

z1 
- - s i n  [ w t  + 8, + ( B o  - el - 0 , ) l  (A18a) 

a ( E o  + AE) 
+ s i n  A0 cos [ u t  + 0, + (Bo - - e , ) ]  

z1 

Combining terms and then expanding s i n  [ u t  + 0, + ( eo  - el - 0,) 1 
and cos [ u t  + + (eo - - e , ) ] :  

cos (eo - el - e 2 )  1 D f E ,  + AE) 1GE0 
(il - io) =[ COS A0 - 

z1 1 

s i n  ( u t  + 0,)  (Alga) 

L I 

n ( E 0  + AE) 
i- s i n  

z1 

a ( E 0  + AE) - s i n  

Collecting s i n  ( u t  + 0,) and cos 

n ( E 0  + AEo) 

I J  

cos (ut + e2)  

A0 s i n  (Bo - -. 0,) s i n  ( w t  + 0,) 

(ut + 0,) terms: 

cos (eo - el - 0,) 

(A20a) s i n  ( e o  - - e2)] 
s i n  ( u t  + 0,) 
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1 a ( E o  + AE) 
+ s i n  A0  cos ( e o  - - e,) 

z1 
cos ( u t  + 8,) (A20a) 

Cont. 

Since t h e  te rmina l  vo l tage  ( l i ne - to -neu t r a l  vo l tage  of t h e  phase 
i n  which d i f f e r e n t i a l  c u r r e n t  i s  measured) w a s  taken as re ference ,  
t h e  c o e f f i c i e n t  of  t h e  s i n  ( u t  + 6,) term i n  equat ion ( A 2 0 a )  i s  
t h e  component of (i- i ) i n  phase with a phasor e 2  degrees ahead 
of t h e  te rmina l  vo l tage  and t h e  c o e f f i c i e n t  of t h e  cos ( u t  + 8,) 
t e r m  i n  equat ion ( A 2 0 a )  i s  t h e  component of  (i - io) a t  r i g h t  
angles  wi th  a phasor 8, degrees  ahead of t h e  te rmina l  vol tage.  

0 

Therefore:  
(A23d) 

s i n  ( e o  - el  - 6,) ( I ~  - I ~ )  E - COS ( e o  - el - e,) - - AE 

Re2 z1 z1 

COS ( e o  - el - e,) s i n  ( e o  - el - 6,) + - EA0 (il - io) 2 
Qe2 z1 z1 

(A24d) 
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A P P E N D I X  B 

The Ef fec t  o f  V o l t a g e  R e g u l a t o r  Adjustments 
on t h e  S t e a d y - S t a t e  U n b a l a n c e  o f  Load 

Currents  i n  a S y s t e m  o f  P a r a l l e l  
C o n n e c t e d  V o l t a g e  S o u r c e s  

Consider an i n v e r t e r  (or a l t e r n a t o r  or o t h e r  vo l tage  source)  
t h a t  i s  opera t ing  open loop. That i s ,  t h e  vol tage  r e g u l a t o r  sens- 
i n g  c i r c u i t  i s  n o t  connected t o  t h e  output  bus, b u t  i s  connected 
t o  a sepa ra t e  v n a g e  source,  Vs. I n  l i k e  manner, t h e  r e a c t i v e  
load-divis ion c u r r e n t  t ransformer (or any o t h e r  sensing device 
t h a t  might be used) i s  operated open loop and is connected t o  a 
s e p a r a t e  supply. 

With t h e  vo l t age  appl ied  t o  t h e  vo l t age  r e g u l a t o r  sensing 
c i r c u i t  (Vs) equa l  t o  Vo v o l t s ,  l e t  t h e  r e g u l a t o r  s e t t i n g  be such 
t h a t  t h e  te rmina l  vo l t age  (V,) i s  a l s o  equal  to  Vo v o l t s .  
load of ZL ohms assumed connected t o  t h e  output . )  L e t  us denote 
t h i s  r e g u l a t o r  s e t t i n g  as R and t h e  r e s u l t i n g  va lue  of t h e  in-  
t e r n a l  vo l tage  as Eo. 

c i r c u i t .  ) 

(A 

so 
( N o  s i g n a l  appl ied  t o  r e a c t i v e  load d i v i s i o n  

Any change i n  Vs from Vo w i l l  now r e s u l t  i n  E changing from 
t h e  value of Eo. 
r e s u l t  i n  E changing fromEo. A l s o ,  i f  a s i g n a l  i s  appl ied  t o  
t h e  r e a c t i v e  load c i r c u i t ,  E w i l l  change from Eo. 

changes occur a t  t h e  s a m e  t i m e ,  t h e  n e t  change i n  E w i l l  be equal  
t o  t h e  algebraic sum of t h e  changes due t o  each cause a c t i n g  
independently,  I f  w e  denote t h e  q u a n t i t y  (E-Eo) as AE, t h e  
q u a n t i t y  (Vs-Vo) as AVs; t h e  q u a n t i t y  (Rs-Rso) as ARs, and t h e  
d i f f e r e n t i a l  quadra ture  component of c u r r e n t  as A I  w e  can express  
t h i s  mathematically as: 

Any change i n  t h e  Rs s e t t i n g  from Rso w i l l  a lso 

I f  a l l  t h e s e  

Q' 

aE aE a E  A I  Avs + ARs qQ Q AE = - 
avS 

a E  aE  - a E  denote  t h e  corresponding c o n t r o l  
avS 

a I D Q  The q u a n t i t i e s  - 
c i r c u i t  open loop ga ins ,  How t h e s e  ga ins  are achieved--that i s ,  
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what c i r c u i t r y  i s  used--is of no concern i n  t h e  development of 
t h e  r e l a t i o n s h i p  t h a t  follows. These r e l a t i o n s h i p s  are of a 
general  na tu re  and hold f o r  a v a r i e t y  of regula t ing  methods. 

For closed-loop operat ion (Vs = Vt) of a loaded s ingle-uni t  
system and r egu la to r  s e t t i n g  Rs d i f f e r e n t  from RSO, equation ( B l )  

becomes : 

where EIL and VIL denote t h e  value of t h e  q u a n t i t i e s  E and Vt = Vs, 

f o r  r egu la to r  as set and operat ing a s  a s ingle-uni t  system. 

But f o r  a f ixed  load on a s ing le -un i t  system t h e  following is  a 
genera l  r e l a t ionsh ip :  

where Vt i s  t h e  terminal  vol tage and El is  the  i n t e r n a l  vo l tage  
f o r  any p a r t i c u l a r  set of condi t ions.  Therefore Vo = KE and VIL 

0 

= KEIL and 

VIL - Vo = KEIL - KEo = K [ElL - Eo] ,  (B4)  

and equation (B2) becomes : 

Now le t  us f u r t h e r  r equ i r e  t h a t  t h e  Vo, Eo, and Rso values of 

Vs, E,  and Rs, used above be t h e  necessary values of Vs, E ,  and Rs 

f o r  t h e  u n i t  t o  opera te  i n  a p a r a l l e l  system with zero d i f f e r e n t i a l  
cu r ren t  . 

For p a r a l l e l  operat ion under closed-loop con t ro l  Vs = V PL 
= bus vol tage of loaded p a r a l l e l  system and equation (B1)  
becomes : 

(B6) 
aE AIq 

(Rs - aE 
‘VPL - vo) + - 

a RS 

aE 
(EpL - Eo) = 

avS 
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Subs t i t u t ing  equat ion (B5)  i n t o  (B6) w e  have: 

o r  

I f  t h e  bus vol tage of t he  loaded p a r a l l e l  system i s  the  same 
f o r  Mode One type opera t ion  (equal  load d i v i s i o n )  a s  f o r  t h e  Mode 
type opera t ion  (unequal load d i v i s i o n ) ,  V 

express equation (B9)  as: 
= Vo w e  could then 

PL 

Equation (B9)  and/or ( B 9 a )  r e l a t e d  s ing le -un i t  operat ion t o  

, i s  a func t ion  of t h e  s ing le-uni t  opera t ion  vol tage  regula- 
paral le l -system operation. The vol tage r egu la to r  c i r c u i t  ga in ,  
a E  

t i o n  requirements.  I f  the  i n t e r n a l  impedance i s  known t h e  neces- 
sa ry  value of - can be ca lcu la ted  from the  vol tage  regula t ion  

spec i f i ca t ions .  
independently a s  a s i n g l e  u n i t  system) can be expected t o  r egu la t e  
t o  t h e  same voltage.  I n  f a c t  i f  a l l  u n i t s  regulated t o  exac t ly  
t h e  s a m e  vo l tage  under a l l  loading condi t ions,  t h e r e  would be no 
need f o r  a load d i v i s i o n  c i r c u i t  when t h e  u n i t s  a r e  operated i n  
p a r a l l e l .  The value of VIL t o  be used i n  equation ( B 9 )  and/or 
( B 9 a )  i s  taken equal t o  t h e  regulated vol tage  of t he  u n i t  t h a t ,  
f o r  any allowable reason, r egu la t e s  f a r t h e s t  from nominal vol tage 
of the  s p e c i f i c a t i o n  f o r  V 

av, 
aE 

avS 
VIL depends on how c lose  each u n i t  (operat ing 

PL 

I n  appendix A, equation ( A 2 4 d )  r e l a t e s  AE, A I  and Z1. I f  Q, 
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t h e  maximum allowable value of A I  

the  required value of 

and equation (B9a). 
appendix E. An example of t h e  ca l cu la t ions  suggested above is 
given i n  appendix D, 

i s  spec i f i ed  and Z1 i s  known, 
9 

can be ca l cu la t ed  using equation (A24d) aI,, 
A method for ca lcu la t ing  Z1 i s  given i n  
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APPENDIX C 

Method o f  Cal  cul a t i  ng Bal  a n c e d  Load I n t e r n a l  Impedance  
o f  a F o u r - P o w e r - S t a g e  T h r e e - p h a s e  S t a t i c  I n v e r t e r  

When f i r s t  presented,  t h e  problem of determining a n a l y t i c a l l y  
t h e  i n t e r n a l  impedance of a s ta t ic  i n v e r t e r  which used a harmonic 
interchange t ransformer connection appeared t o  r equ i r e  t h e  solu- 
t i o n  of a very l a r g e  number of long simultaneous equat ions i f  any 
degree of r i g o r  w a s  t o  be required.  

t o  a i d  i n  t h e  i n v e s t i g a t i o n  of t h e  relative importance of var ious  
parameters as t o  i n t e r n a l  impedance. I t  w a s  hoped t h a t ,  as in- 
s i g h t  i n t o  t h e  problem w a s  then gained, a s l i g h t l y  less complicated 
method of c a l c u l a t i o n  could be developed lending i t s e l f  t o  hand 
c a l c u l a t i o n s .  

I t  w a s  f e l t  t h a t  a d i g i t a l  computer program would be requi red  

For  several reasons,  it w a s  decided t o  use a modi f ica t ion  of 
a d i g i t a l  computer program a l ready  i n  ex i s t ence  f o r  an i n v e r t e r  
o t h e r  than t h e  subject NASA i n v e r t e r :  (1) t h e r e  w a s  a d e f i n i t e  
t i m e  l i m i t ;  ( 2 )  many of t h e  needed cons tan ts  w e r e  a l ready  ava i l -  
a b l e  f o r  t h i s  o t h e r  i n v e r t e r ;  ( 3 )  a c t u a l  test  information w a s  
also a v a i l a b l e  f o r  t h i s  i n v e r t e r ;  ( 4 )  t h e r e  w a s  even t h e  pos- 
s i b i l i t y  of experimental ly  checking some of t h e  a n a l y t i c a l  r e s u l t s  
t h a t  one would obta in .  All of these  cons idera t ions  pointed t o  
using a s tudy of t h i s  o t h e r  inverter t o  g a i n  i n s i g h t  i n t o  t h e  
problem r a t h e r  than s t a r t i n g  from s c r a t c h  and developing a com- 
p u t e r  program f o r  a d i f f e r e n t  i n v e r t e r .  

A s  i n s i g h t  and experience w e r e  gained on t h e  i n t e r n a l  i m -  
pedance problem, a method w a s  devised t o  c a l c u l a t e  t h e  "balanced 
condi t ion" i n t e r n a l  impedance without  t h e  a i d  of a d i g i t a l  com- 
pu te r .  The development of  t h i s  method i s  presented i n  t h i s  
appendix. 

The schematic diagram of t h e  p a r t i c u l a r  ou tput  t ransformer 
t o  be used i n  t h e  tes t  model i n v e r t e r s  is  given i n  f i g u r e  26. 
The equat ion der ived i n  t h i s  s e c t i o n  g ives  t h e  impedance looking 
i n t o  t h e  te rmina ls  of Phase 1. Equation (C40) can be appl ied  t o  
i n v e r t e r s  wi th  any number of power stages although t h e  d e r i v a t i o n  
i s  based on a four-power-stage i n v e r t e r .  The following assump- 
t i o n s  and d e f i n i t i o n s  are an e s s e n t i a l  p a r t  of t h i s  de r iva t ion .  

(1) L e t  t h e  s u b s c r i p t  p r e f e r  t o  1 / 2  t h e  primary winding 
of any power s t a g e  ( a l l  power stages primary windings assumed 
t h e  s a m e ) .  
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PHASE 3 PHASE 

PHASE 2 

1 

Figure 26. Schematic Diagram of Output Transformer Secondary 
Connections 

( 2 )  L e t  a l l  t h e  secondary windings of t h e  power s t ages  i n  
Phase 1 be designated winding #1 f o r  t h a t  s tage .  

( 3 )  L e t  a l l  t h e  secondary windings of t h e  power s t ages  t h a t  
are i n  Phase 2 be designated winding #2  f o r  t h a t  s tage .  

a r e  i n  Phase 3 be designated winding #3 f o r  t h a t  s tage.  

pu, based on 1 /2  t h e  primary winding of power s t a g e  a s  base value.  

(4) L e t  a l l  t h e  secondary windings of t h e  power s t a g e s  t h a t  

(5) L e t  a l l  number of t u rns  of a winding be expressed i n  

(6 )  L e t  L etc., be def ined i n  t h e  following 
i s  t h e  vol tage  induced i n  

pp’ L1l’ L22’ 

P (LPP) 
manner. The vol tage  drop j w I  
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winding p by t h a t  p a r t  of t h e  f lux ,  due t o  I which l ies 
e n t i r e l y  o r  p a r t i a l l y  outs ide  t h e  i r  re (core-self-leakage 
inductance of winding p ) .  I n  t follows, assume t h a t  
a l l  constants  and vol tages  are re o 1 / 2  t h e  primary winding 
and expressed i n  inve r t e r  per  uni  e secondary cur ren ts  
(phase cur ren ts  11, 12, 13) are i 

P' 

d t o  primary. 

etc.,  be de d i n  the  following p l '  L12' L23' (7)  L e t  L 

manner. The quant i ty  w ( L  ) i s  t h e  core-mutual-leakage reactance PI 
of winding p with respec t  t o  winding 1 o r  ng 1 with 
respec t  t o  winding p. I t  d i f f e r s  from the  eactance 
between winding p and 1 by being caused by on a t  port ion 
of t h e  mutual f l u x  of those two windings t h  o t  l i e  en t i r e -  
l y  within t h e  core. 

( 8 )  Define a t r u e  leakage reactance of winding p with 
) as follows, T h i s  t r u e  leakage p (1) respec t  t o  winding 1 (wL 

reactance of one winding with respec t  'to another is the  reactance 
used i n  t h e  treatment of t he  conventional two-winding transformer, 
The t r u e  leakage reactance of winding p with respec t  t o  winding 
1 is caused by t h a t  p a r t  of t h e  f lux ,  due t o  I which does not  
l i n k  winding 1. I t  may produce l inkage with windings 2 o r  3 o r  
with o ther  windings i f  t he re  a r e  more than four. Thus, 

P' 

P I  
= W L  - W L  

P (1) PP 
W L  

Refer t o  f igu re  27.  T o  c l a r i f y  t h e  d e f i n i t i o n s  (6,7, and 8 )  
per ta in ing  t o  leakage reactances,  t h i s  sketch shows some tvp ica l  
leakage f l u x  paths  i n  a three-winding transformer when only t h e  
primary winding, p r  conducts current .  Sol id- l ine f lux  l i n k s  
winding p only. Long-dash-short-dash-line f l u x  l i n k s  winding p 
and winding 1. Dashed-line f l u x  l i n k s  a l l  t h r e e  windings. 

The f l u x  t h a t  i s  associated with t h e  core-self-leakage re- 
actance L would be the  sum of t h e  t h r e e  types of leakage f l u x  

PP 
i l l u s t r a t e d .  (Sol id  l i n e  + [long-dash-short-dash l i n e ]  + s h o r t  
dash l i n e . )  

The f l u x  t h a t  i s  associated with t h e  core-mutual-leakage 
reactance of winding p w i t  e spec t  t o  winding 1, L pl, would 

l i n e s  and t h e  short-dash l i nes .  
r a t ed  by t h e  long-dash-short-dash 
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CORE FLUX 

CORE 4 

Figure 27. Flux Due to Current in Winding p of a Three-Winding 
Transformer 

The flux associated with the core-mutual-leakage reactance 
would be illustrated 

P2' 
of winding p with respect to winding 2, L 
by the short-dash lines only. 

The flux associated with the true leakage reactance of winding 
would be illustrated by the p(l) p with respect to winding 1, L 

solid lines only. 

The flux associated with the true leakage reactance of wind- 
would be the sum of p(2) ing p with respect to winding 2, L 

the fluxes illustrated by solid lines and the long-dash-short- 
dash lines. 
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2 (1) ( 9 )  Define t h e  sum c (N2) (N1) ( W L ~ ( ~ )  - W L  
s21 

as t h e  arithmetic sum of t h e  leakage reac tances  f o r  a l l  power 
s t ages  t h a t  have secondary windings i n  both Phase 2 and Phase 1, 
t h e  s i g n  of t h e  t e r m  t o  be considered p o s i t i v e  i f  t h e  assumed 
d i r e c t i o n s  f o r  t h e  phase c u r r e n t s  both e n t e r  t h e  d o t  te rmina ls  
or both leave  t h e  d o t  te rmina ls  o f t h e  p a r t i c u l a r  secondary 
windings. I n  t h e  work t o  follow, a l l  three-phase c u r r e n t s  are 
assumed t o  flow - o u t  f r o m  n e u t r a l  p o i n t  when they are pos i t i ve .*  

) s i m i l a r  - IVL3 (1) ( 1 0 )  Define t h e  sum ( N 3 )  (N1) ( W L ~ ( ~ )  
-...a 

SJl.  
t o  (9 )  above except  f o r  a l l  power s t ages  t h a t  have secondary 
windings i n  both Phase 3 and Phase 1. 

31 
of t h e  impedances of a l l  t h e  secondary windings connected i n  series 
i n  Phase 1. A l l  t e r m s  are taken t o  be p o s i t i v e .  

(12) T.R. - t ransformer ra t io .  This i s  t h e  r a t i o  of t r ans -  
former open-c i rcu i t ,  secondary Phase 1 vo l t age  t o  t h e  fundamental 
r m s  primary appl ied  vo l t age  of  t h e  power s t a g e  assumed t o  be  
exc i t ed  f i r s t .  Therefore,  it i s  a phasor quan t i ty .  I t  can be 
ca l cu la t ed  as: 

where t h e  number of  t u r n s ,  N ,  ( i n  pu) a r e  considered phasors. The 
phasor angle  0" i s  assigned t o  t h a t  s t a g e  whose primary i s  assumed 
t o  be e x c i t e d  p o s i t i v e  f i r s t .  Each succeeding s t a g e  ( i n  o rde r  of 
e x c i t a t i o n )  has i t s  assigned phasor angle  180" less than previous 

e x c i t e d  s tage .  N S  = t o t a l  number of power s t ages .  The s i g n  be fo re  
a t e r m  i s  taken p o s i t i v e  i f  t h e  assumed Phase 1 c u r r e n t  flows o u t  
of t h e  d o t  te rmina l  of t h e  corresponding secondary winding. 
Figure 28 shows a phasor p l o t  f o r  phase one 'of  t h e  t ransformer 
connections shown i n  f i g u r e  27. 

NS 

. 
(13) Define sum (N1) (R  + jwLp( l )  ) as t h e  phasor sum 

P C1 
b 3 . L  

of t h e  products  of primary impedance t i m e s  pu phasor t u r n s  of  t h e  
winding of t h a t  s t a g e  i n  Phase 1. The angles  ass igned t o  t h e  t u r n s  
and t h e  s i g n  be fo re  each t e r m  is  t h e  same as i n  (12) preceding. 

* N's are i n  pu and L ' s  are referred t o  p and are i n  pu. 
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9 

180° 

270° 

- O R >  , ,  , , [ 0 .  

1 2 3 4 

See Figure 12 for Winding 
Connections 

NS = 4 
Transformer A Excited First 

= 1 . 7  /oo N I A  

NIB = 1 . 7  /-45' - 
= 0 . 7  /-goo ilC 

NID = 0 . 7  /-13So 

-~ ~ 

Figure 28. - Phasor Diagram for Phase On T.R. 
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Four fundamental equations can be written for each of the 
power stage transformers, shown in figure 29 in terms of core- 
self-leakage inductance and core-mutual-leakage inductance, as 
follows: 

. 

'PN - + 
I2 - 
'3 - 

Figure 29. Schematic Diagram of Transformer Winding on Leg N, 
Where N is A, B, C, or D 
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. 
- 13(N3C)j~L 3pc + ECC 
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The line-to-neutral voltage of phase 1 in figure 27 is: 
. 

However, 

or since 



. 

I n  a s i m i l a r  manner t h e  following equat ions r e s u l t .  

Subs t i t u t ing  ( C 2 1 ) ,  (C22), (C23) and ((224) i n  (C17), t h e  following 
r e s u l t s .  
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Equation (C25) can be rearranged t o  group the terms i n t o  f ive  
separa te  ca tagor ies :  

Since 

I f  

. 
E =  

PB 

- - 



The f i r s t  group of equation (C26) can then be w r i t t e n  
1 

-NIC k F  + N~~ jEpAj 

(C30) 

which i s  t h e  no load (neglect ing e x c i t a t i o n  cu r ren t )  open c i r c u i t  
transformer l ine- to-neut ra l  vo l tage  of Phase 1. 

The second group of t e r m s  can be expressed a s  follows, 
assuming balanced loads: 

. 
Where N1 s i g n i f i e s  a phasor. 
s igns  are t h e  same as  i n  equation (C30). 

The angles  of these phasors and the  

The t h i r d  group of terms can be expressed as follows: 

where a l l  terms of the  summation a r e  taken pos i t i ve .  

The fou r th  group of terms can be expressed a s  follows: 

where the  s i g n  of the  term i n  t h e  summation i s  determined gs 
follows. I f  t h e  assumed d i r e c t i o n  f o r  t h e  phase cu r ren t  (I1 and 
12) both e n t e r  t he  dot terminals  o r  both leave t h e  dot  terminals  
of t h e  p a r t i c u l a r  secondary windings under considerat ion,  t h e  
s ign  of t h e  t e r m  i s  taken as pos i t i ve .  

. 

The f i f t h  group of t e r m s  can be s i m i l a r l y  expressed as  follows: 
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where t h e  s i g n  of a t e r m  is  determined as i n  equat ion (C33). 

For balanced loads ,  t h e  following r e l a t i o n s h i p s  hold: 

= I1 /-120°; I3 = I1 /-240°. I 2  

I f  e x c i t a t i o n  c u r r e n t  i s  neglec ted  and i f  primary load  c u r r e n t  
losses are t r a n s f e r r e d  t o  t h e  secondary, t h e  following fundamental 
frequency volt-ampere r e l a t i o n s h i p  holds:  

or  

Since t h e  t o t a l  i npu t  power must equal  t o t a l  ou tput  power, and t h e  
t o t a l  i n p u t  reactive power must equal  t o t a l  gutput  reactive power 
i n  equat ion  (C36), t h e  phasor angle  between (open c i r c u i t )  
and I1 must be t h e  same as t h e  phasor angle  between E 

. 
PA' 

and I 
PA 

Therefore,  

S u b s t i t u t i o n  of equat ion (C30) t h r u  (C38) i n  equat ion (C26)  r e s u l t s  
i n  t h e  fol lowing expression: 

r - - (open c i r c u i t )  - Ill+&- 3 T.R.1 / -OR 
E ~ ~ l  - E ~ ~ i  - 

s1 

The expression i n s i d e  t h e  bracke t  i n  equat ion (C39) r ep resen t s  t h e  
i n t e r n a l  impedance of t h e  power t ransformer (under balanced l o a d ) .  
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The impedance looking into the line-to-neutral terminals of 
Phase 1 is then given by the following expression: 

where R is the total effective series resistance of the primary 
winding of a power stage plus any equivalent series resistance 
associated with internal impedance of the dc source. Likewise 
L 
equivalent series inductance. 2 will be in inverter pu ohms 
if resistances, inductive reactances and constants are in pu 
ohms * 

P 

includes the true leakage reactance plus any external 

eq 
p (1) 
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APPENDIX D 

Example o f  I n t e r n a l  Impedance C a l c u l a t i o n  and Its Use 

T r a n s f o r m e r  C o n s t a n t s  

Although t h e  c a l c u l a t i o n  of t he  leakage reactances of multi-  
winding transformers i s  a d i f f i c u l t  problem, c e r t a i n  s implifying 
assumptions i n  regard t o  leakage f luxes  can be m 
assumptions somewhat reduce t h e  complexity 
are j u s t i f i e d ,  t o  an ex ten t ,  by t h e  fac t  t h  
actances of transformers ca lcu la ted  i n  accordance with these  
assumptions check reasonably w e l l  wi th  t h e  measured values.  The 
approximate method used here  i s  t h a t  given i n  re ference  3 .  

The equiva len t  leakage reactance between two equal-length 
windings, r e f e r r e d  t o  t h e  one with N 2  t u rns ,  i s  given by ( a l l  
dimensions i n  inches)  

N 2M (d3 f d i  + d2) x - - 20 .1  f 2 
__I 

- 
L 3 3 xe - - 2 

where dl and d2 are t h e  th ickness  of windings 1 and 2 r e spec t ive ly ,  
d3 i s  t h e  spacing between t h e  windings, 
i n  both windings. L i s  t h e  l e n g t h  of winding. 

M is mean length of t u r n s  

These dimensions along with o ther  information on t h e  winding 
pos i t i ons  and geometry a r e  i l l u s t r a t e d  i n  f i g u r e  30. 

The var ious windings are not  of equal length.  This i nc reases  
t h e  d i f f i c u l t y  of accurately.  ca l cu la t ing  t h e  leakage reactance of 
such a design by elementary formulas. Fortunately,  t h e  problem 
a t  hand does n o t  r equ i r e  t h a t  t h e  leakage reactances be known t o  
such a degree of accuracy as t o  warrant  t h e  use of formidable 
"exact" methods , 

The method used i s  t o  a d j u s t  t h e  th ickness  of each winding, 
while  assuming them a l l  t o  have t h e  same length ( L ) ,  so  t h a t  t h e  
c ross -sec t iona l  area of each winding remains Athe same. 

For example, f o r  winding pA and lA: 

dl = 0.088 + 0.044 = 0.066 

d2 = 0 . 1 1  
d3 = 0.044 

2 
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3.2 

L CORE 

Figure 30. - Sketch Used To Calculate Leakage Fluxes of 
Transformer A 
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L = 3.2 

f = 400 Hz 
M = 2nr = 2n (0.571 + 0.11 + 0.004) = 4-29 

N2 = 50 

W L  p ( l )  “Ll(p)  2 ( p )  wL2(1)  wL3(p) 
R WL 
P 

(ohms) (ohms) (ohms) (ohms) (ohms) (ohms) 

0.082 0.0085 0.0085 0.018 0.007 0.017 

0.082 0.0085 0.0085 0.017 0.006 0.018 

0.082 0.022 0.022 0.018 0.007 0.0085 

0.082 0.022 0.022 0.0845 0.006 0.018 

Subs t i t u t ion  of these values  i n t o  t h e  equation f o r  Xe g ives:  

w L 3 ( 1 )  

(ohms) N1 N2 N3 

0.0065 1.7 1 .46  0.24 

0.0065 1.7 0.24 1.46 

0.007 0.7 1 .12  1.82 

0.007 0.7 1 .82  1.12 

2 0.00845 ohms. (D2) p (1) W L  

The leakage reactances used i n  t h e  I n t e r n a l  Impedance Calculat ions 
w e r e  ca l cu la t ed  i n  a s i m i l a r  manner. 
table I. 

The r e s u l t s  are given i n  

Based on a 750 VA i n v e r t e r :  VB = 115 v o l t s  
IB = 2.17 amps 
ZB = 53 ohms 

- 
The transformer r a t i o  (T.R.) can be ca l cu la t ed  a s  follows: 

- /-180° -NIC /-360° 
-T- -r- T:R. = il = - / O O  - N ~ ~  

S1 (D3 1 

Transformex 

Table I. - Transformer Constants 

87 



The sum defined i n  d e f i n i t i o n  13 w i l l  be calculated next. 
The effective i n t e r n a l  resistance of the dc supply is  approximately 
0.0324 ohms. 
w i l l  be taken as equal t o  0 ,082  + 0.0324 ohms or 0.114 ohms. 

T h e r e f o r e ,  t h e  R ' s  used i n  t h e  following equations 
P 

= 1.0710" (0.144+j0.0085)  

- 1.7/-45O - (0 .114+j0.0085)-  0.7,'-90' (0.114 

+ j 0 . 0 2 2 ) +  0.7/-135O (0.114+j0.022)  
= - (0 .402  - j 0 .126)  ( D 5 )  

-0.422 1 = -0.422/-17.5O ohms o r  -T / - 1 7 . 5 O  - pu 
ohms 

( i l l  (Rp+jwL P (1) 
s1 

N o t e  t h a t  t h e  f i r s t  term of equat ion (C40) can now be evaluated 
using equat ion (D4) and e q u a t i o n  (D6) .  Thus ,  

(Rp+jwLp (1) /-'R 
F i r s t  term eq. (C40) = 3 

3 = (3 .67)  (-0.422) /-17.S0 -157.5' 

(D7) 
F i r s t  term of eq. (C40) = 1.16 - / 5 O  ohms or 1*16 53 - /50 pu ohms 

( D 8 1  

N e x t  consider t h e  second t e r m  of equation ((240) 

8 8  



2 The quant i ty  

windings connected i n  P h a s e  1. Calculated f r o m  w i r e  s i z e  and 
length it equals 0.85 ohms; therefore, 

(N1) Rll is  the to ta l  series resistance of the 
s1 

2 Second  t e r m  of eq. (C40) = 0.85 + (NIA) jwLl(p)A 

2 2 

2 
( N I B )  j W L l ( p ) B  + ( N I C )  j W L l ( p ) C  

+ ( N I D I  jWLl(p)D = 0.85 

+ j ( 1 . 7 ) 2 ( 0 . 0 0 8 5 ) + j  ( 1 . 7 ) 2 ( 0 . 0 0 8 5 )  

+ j (0 .7)  (0 .022)  + j  (0.7)  (0 .022)  

Second  t e r m  of eq. ((240) = 0.85 + j0 .0706 ohms or  

( D 1 1 )  Oa85+j0.O706 pu ohms. 
53 

N e x t  consider the t h i r d  t e r m  of e q u a t i o n  ((240) 

T h i r d  term of eq. (C40) = 1 ( N 2 )  (N1) (wL2 (p)-wL 
521 

= [-_(N1A) (N2A) (wL2 (1)AmWL2 ( p ) A )  

- (NIB)  (N2B) (wL2 (1) BmWL2 (p) B) 

- ( N I D )  (N2D) (wL2 (1) D’WL2 (p) D )] /-30° 
+ (NIC)  (N2C) (wL2 (1) c-wL2 (p) c) 

= [ - (1 .7)  (1 .46)  (0.018-0.007) 
- (1 .7)  (0 .24)  (0.017-0.006) 
+ 0.7(1.12)  (0.018-0.007) 
- (0.7) (1 .82)  (0 .0085-0.006)]  /-30° 
= 0.0264 /-30° = -0.0228+j0.0132. 
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Third term of eq. (C40)  = 0.0228 + j0.0132 ohms or 

0.0228+~0.0132 pu ohms 
53 

Next consider  t h e  f o u r t h  term of  equat ion  ((240) 

) /-150° I Fourth term of eq. (C40)  = (N3) (N1) (WL~(~)-WL~(~) [ S31 
= (- ("1A) (N3A) (wL3-(p) 

- (NIB) (N3B) (wL3 (p) B'WL3 (1) B) 

(1) A) 

- ( N I C )  (N3c) (wL3 (p)  c-wL3 (p) c) 
( N I D )  (N3D) (wL3 (p) D-WL3 (I) D )] /-150' 

= [-(1.7) (0.24) (0.017-0.0065) 
-(1.7) (1.46) (0.018-0.0065) 
- (0 7) (1.82) (0.0085-0.007) 
+(0,7) (1,12) (O.OL8-0.007)I /-150" 
= -0.0261 /-150' 

Fourth t e r m  of eq, (C40)  = 0.0226+j0.0130 
0.0226+j0.0130 

53 

= 0.0226+j0.0130 

( ~ 1 4  1 

ohms or  

pu ohms (Dl51 

S u b s t i t u t i n g  t h e  va lues  of equat ions (D8) I (Dll) , (D13) I and 
(D15) i n t o  equat ion ( C 4 0 ) :  

Z = 1.16 + j0.l + 0.85 + j 0,0706 - 0.0228 + j 0.0132 
eq 

+ 0.0226 + j 0,0130. (Dl61 

Col l ec t ing  t e r m s :  
. 2.01 + j0.1968 pu ohms 

53 Z = 2.01 + j0.1968 ohms or  
eq 

Referr ing back t o  f i g u r e  25, Z1 can now be ca lcu la ted :  

Z +RF+jwLF = 2.0l+jO.1968+0.32+j(2.512)5 = 2.33+j12.69 ohms (018) 
. 
eq 
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C = 3 mfd; Xc = 132 ohnis 
eq 

* 
= 2.61+j13.9+0,383 ohms P -I- ZC.T, 

. 
Z1 = 3,00+j13.9 = 14.3 /77.8' ohms (D21) 

or 
- 14.3 /77.%O = o,27 /77.8O pu ohms 

lpu  - 53 Z 

I f  t h e  phasor A I  has i t s  angle with reference t o  a vol tage,  
V2, €I2 degrees ahead of t h e  phase vol tage of t h e  phase i n  which 
d i f f e r e n t i a l  c u r r e n t  loop i s  placed, it i s  d e s i r a b l e  t o  have: 

8, w i l l  genera l ly  vary between 0' and 15O depending on t h e  load. 
For example: a t  f u l l  load un i ty  power f a c t o r ,  equation (A14) gives  

= 0.249 ~ sin(77.8') 
+ cos 77.8' t a n  Bo = 1 - 

0.27 

a t  full loads 0.7 power f a c t o r  l a g  

= 0.119 s i n  (77.8' -45') 

0.27 
t a n  eo - + cos (77.8' -45O) 

a t  no load condi t ion 8, = 0' 

A s  is  customary with ac genera tor  p a r a l l e l  systems, t h e  
d i f f e r e n t i a l  cu r ren t  sensing loop w i l l  be  nnected i n  phase C 
( r e f e r  t o  f i g u r e  31), with VLNc = nv 
is  a phase vol tage  e2 = 30' ahead of t h e  phase where d i f f e r e n t i a l  
c u r r e n t  is  sensed. A t  f u l l  load uni ty  power f a c t o r ,  equation 
(A24d) becomes 
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1 

'LLBA 

LL - Line-To-Line 

LN - Line-To-Neut ra l  

Figure 31. - Phasor Diagram of Terminal Voltages 

and i f  one of t h e  i n v e r t e r s  has an i n t e r n a l  vo l tage  g r e a t e r  than 
t h e  average, it w i l l  r e s u l t  i n  t h a t  i n v e r t e r  taking more lagging 
r e a c t i v e  ( i n  re ference  t o  vLLAC ) cur ren t  than t h e  average and 
i t s  " reac t ive"  load d i v i s i o n  c i r c u i t  would need t o  reduce t h e  
"exci ta t ion"vo1tage (dc vol tage  appl ied t o  power s t ages )  of t h a t  
i n v e r t e r  . 

The ga in  needed i n  t h i s  " reac t ive"  load d i v i s i o n  c i r c u i t  may 
be ca l cu la t ed  using t h e  closed loop vol tage  regula t ion  character-  
istics of a s i n g l e  u n i t  a s  follows: 

Define EFOL to  be t h e  " i n t e r n a l "  developed vol tage  (Thevenin's . 
equiva len t  vol tage)  needed t o  m a i  i n  a f u l l  load terminal  
age, def ined t o  be VFoL . 

* 

Then : 

0 .  

1 - - -  1 Z l + Z L  I - 
- v ~ o ~ .  K 'F.L. E ~ . ~ .  zL 
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Define VNOL, REG t o  be the  terminal voltage under no load 
w i t h  t h e  voltage regulator loop operating. 

121 + ZLI 

zL 
(0 .9939)  -1. 

1 -0.9939 

Def ine  VFaL.  REG t o  be te rmina l  voltage under f u l l  load w i t h  
t h e  voltage regulator loop operating. 

I f  closed loop voltage regulation i s  f. 0.7 v o l t  = f. 0.0061 pu 
vol ts  and as su in ing  VNaL, REG = Pu and vF.L, REG = 0.9939 pu vol ts  

I .  . 1 

(D25) 

For F u l l  Load 0.7 power factor lag  
I 

10.27 /77.8O + 1/45O1 1_1 (0 .9939)  -1 
aE - - 

0.0061 avS 

- -  a E  - - 38  
avS 

where Vs = voltage t o  sensing c i r c u i t  = V 

Assuming a 115 f. 0.2 vo l t  in-dividual u n i t  voltage s e t t i n g ,  
L.N. 

VIL = 1.00174 pu vol t s  max. 

and Vo = V = 1 pu 

Equation (B9) becomes : 
PL 

AE = ]EpL - Eol = ( A I )  aE  1 (1-1.00174) - + - (1.00174-1) + - 
a IDQ avS K 

AE = 0.0682 + - ( A I )  
a IDQ 

I f  the design objective is  t o  assure t h a t  the  load unbalance 
w i l l  never exceed l o % ,  the m a x i m u m  a l l o w a b l e  AE can be obtained 
f r o m  the  expression: 

(D30) 'Emax .'Emax 
'Imax 0.27 

= 0.1 pu = - = - 
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(0.11, so aI,, = 0.027 = 0.0682 + *Emax 

This i s  t h e  required ga in  of t h e  r e a c t i v e  load-division 
c i r c u i t  expressed i n  pu v o l t s  droop pe r  load cu r ren t  unbalance 
i n  pu. Since t h e  re ference  vol tage i s  VLLAc = nV/3O0 ( f i g u r e  311, 
60° lagging loads would appear as a 90° lagging cu r ren t  with 
r e spec t  t o  t h e  re ference  voltage.  Therefore,  t h e  r e a c t i v e  load- 
d i v i s i o n  c i r c u i t  should be m a d e  most s e n s i t i v e  t o  60' lagging 

. loads.  
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A P P E N D I X  E 

Reliability and System Weight 

The d iscuss ion  of f a c t o r s  involved i n  increas ing  r e l i a b i l i t y  
i s  concerned s p e c i f i c a l l y  with dc-to-ac s t a t i c - i n v e r t e r  systems 
operat ing a t  power l e v e l s  s u i t a b l e  f o r  spacec ra f t  a u x i l i a r y  power. 

Three types of systems are considered: (1) seve ra l  i n v e r t e r s ,  
one operat ing and t h e  rest used as standby (o r  backup) u n i t s ;  
( 2 )  s e v e r a l  i n v e r t e r s  opera t ing  i s o l a t e d ;  and ( 3 )  severa l  i n v e r t e r s  
operat ing i n  p a r a l l e l .  

Factors  Affect ing Weight and R e l i a b i l i t y  of a S ingle  S ta t ic  
Inve r t e r .  - The q u a l i t y  of power required of t h e  i n v e r t e r  i s  an 
important f a c t o r  i n  determining i n v e r t e r  weight. Accurate vol tage 
and frequency regula t ion ,  phase displacement regula t ion  and l o w -  
harmonic content  a l l  r equ i r e  a d d i t i o n a l  e l e c t r i c a l  components, 
which add weight. To c i te  an extreme example, some i n v e r t e r s ,  
designed f o r  t h e  r e l a t i v e l y  undemanding t a s k  of d r iv ing  induct ion 
motors, al low a d r a s t i c  weight reduct ion by e l imina t ing  a l l  power 
transformers and f i l t e r s .  

The means of cool ing and the  temperature of t h e  cooling 
medium a f f e c t  t h e  weight of an i n v e r t e r ,  bu t  t h e  kind of cooling 
system i s  usua l ly  determined on bases o the r  than minimizing i n -  
v e r t e r  weight. 

Another v a r i a b l e  i s  input  voltage.  There is  an optimum 
input  vo l tage  f o r  every i n v e r t e r  design,  and wide var iance from 
t h e  optimum causes reduced e f f i c i e n c y  and increased weight. 
While 2 8  v o l t s  dc has been a very common l e v e l ,  56 v o l t s  i s  a 
more d e s i r a b l e  inpu t  vol tage f o r  t r a n s i s t o r  i nve r t e r s .  T h i s  
higher value i s  more d e s i r a b l e  f o r  two reasons.  F i r s t ,  f o r  a 
given power l e v e l ,  t h e  higher  vol tage r e s u l t s  i n  a lower cu r ren t  
which reduces r e s i s t i v e  power lo s ses .  Second, 56 v o l t s  can be 
conveniently switched by t r a n s i s t o r s  without  exceeding the 
vol tage r a t i n g s  of t r a n s i s t o r s .  

Unlike an electro-dynamic i n v e r t e r  (motor-generator) , a s t a t i c  
i n v e r t e r  has very l i t t l e  inherent  capaci ty  f o r  overloads.  I f  the  
i n v e r t e r  i s  required t o  ca r ry  overloads f o r  extended per iods of 
t i m e  (beyond a few minutes) ,  t h e  i n v e r t e r  weight increases  because 
the  u n i t  must be designed f o r  t h e  peak power requirement rather 
than f o r  normal load. 

With so many f a c t o r s  a f f e c t i n g  t h e  b a s i c  weight-to-power 
r e l a t i o n s h i p ,  it i s  d i f f i c u l t  t o  accura te ly  p r e d i c t  t h e  weight 
of a new i n v e r t e r  design. However, t o  de f ine  a standard of 
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re ference  f o r  t h e  numerical examples given la ter ,  a curve of 
. i n v e r t e r  weight a s  a func t ion  of power r a t i n g  has been drawn, 

f i g u r e  32. This curve has been e s t ab l i shed  on t h e  b a s i s  of 
empir ical  da t a  and r ep resen t s  approximately t h e  p re sen t  state- 
of-the-art .  The equation of t h e  curve r e s u l t s  from inspec t ion  
and no t  from any t h e o r e c t i c a l  considerat ion.  

B a s i s  of R e l i a b i l i t y  Calculat ions.  - I n  t h e  f i n a l  ana lys i s ,  
t h e  determining'  f a c t o r  i n  r e l i a b i l i t y  is t i m e .  The Department 
of Defense def ines  r e l i a b i l i t y  as "The p robab i l i t y  t h a t  a p i ece  
of equipment w i l l  g ive  s a t i s f a c t o r y  performance f o r  a s p e c i f i e d  
per iod of t i m e ,  under s p e c i f i e d  operat ing condi t ions."  

The l i f e t i m e  of a p i ece  of equipment, such as an i n v e r t e r ,  
i s  usua l ly  thought t o  be composed of t h r e e  periods: t h e  e a r l y  
f a i l u r e  o r  "burn-in" period; t h e  "random-failure" period; and t h e  
end-of- l i fe  o r  "wearout" period. The f a i l u r e  rate is  high during 
t h e  f i r s t  and t h i r d  per iods and r e l a t i v e l y  low during t h e  second 
period. 

-. 
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INVERTER POWER RATING (kVA) 

Figure 32. - Typical Weight Versus Power Rating of S t a t i c  I n v e r t e r s  
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An i n v e r t e r  f o r  use i n  a spacec ra f t  power system would be 
tested 'for a 

ur ing t h i s  per iod,  t h e  i n  

- f t  R = e  

where 

R i s  t h e  r e l i a b i l i t y  
t i s  t h e  t i m e  
f i s  the  f a i l u r e  rate ( r ec ip roca l  of MTBF) 

MTBF i s  t h e  mean-time-between-failures or  mean-time-to-failure 
of a non-repairable i t e m .  

This equation is  p l o t t e d  i n  f i g u r e  33 t o  show graphica l ly  
t h e  dependence of r e l i a b i l i t y  on t i m e .  The u n i t s  of t i m e  on 
t h e  ho r i zon ta l  a x i s  a r e  MTBF u n i t s .  The ord ina te ,  r e l i a b i l i t y ,  
is  t h e  p robab i l i t y  t h a t  t h e  i n v e r t e r  survives  f o r  t h e  s p e c i f i e d  
per iod of t i m e ,  assuming it was operat ing successfu l ly  a t  t i m e  
zero. 

The binomial expansion i s  used t o  c a l c u l a t e  t h e  r e l i a b i l i t y  
of a redundant system ( re ference  4 ) .  

(R + Q ) n  = In = 1 

where 

n i s  t h e  number of i t e m s  
R i s  t h e  r e l i a b i l i t y  of an i t e m  
Q is t h e  p r o b a b i l i t y  of f a i l u r e  
R + Q = 1 by d e f i n i t i o n .  

The p robab i l i t y  of f a i l u r e  (Qs) of a redundant system is 
from t h i s  expression: 

Qs = Qn + nQn-'R 4- -2! n(n-1) 9 n-2R2 + n(n-1) (n-2) Qn-3R3 + --- 
3! 

where 

The f i r s t  term is t h e  p robab i l i t y  of exac t ly  n f a i l u r e s  
on n i t e m s .  

97 



OBlTBF 1MTBF 4MTBF 3MTBF 
TIME 

Figure 33. - R e l i a b i l i t y  Versus T i m e  f o r  t h e  Exponential  
D i s t r ibu t ion  
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second t e r m  i s  t h e  p r o b a b i l i t y  of exac t ly  n-1 f a i l u r e s  
n i t e m s .  
t h i r d  t e r m  is  t h e  p r o b a b i l i t y  of exac t ly  n-2 f a i l u r e s  
n i t e m s .  
f o u r t h  term i s  t h e  p r o b a b i l i t y  of exac t ly  n-3 f a i l u r e s  
n i t e m s ,  etc, 

system u n r e l i a b i l i t y  ( Q s )  is  determined by adding t h e  
number of t e r m s  equa l  t o  t h e  number of f a i l u r e s  allowed. For 
example, i n  a seven-item system with t h r e e  f a i l u r e s  allowed, t h e  
f irst  t h r e e  terms of t h e  previous equat ion are added together .  
The system r e l i a b i l i t y  ( R s )  is then: 

R e l i a b i l i t y  and System Weight. - The assumptions m a d e  thus  
f a r  are (1) t h e  f a i l u r e  ra te  of t h e  i n v e r t e r  is  independent of 
r a t i n g ,  and (2) t h e  s p e c i f i c  weight decreases  with r a t i n g  accord- 
ing  t o  f i g u r e  32. 

Redundancy, o r  improved r e l i a b i l i t y ,  i s  achieved by provid- 
ing  m o r e  system capac i ty  than  is  required.  Thus as i n v e r t e r s  
f a i l ,  t h e  requi red  system capac i ty  can s t i l l  be m e t  by t h e  re- 
maining i n v e r t e r s .  I f  a system's  capac i ty  i s  t o  be m e t  by using 
e i t h e r  a s i n g l e  u n i t  wi th  0.90 r e l i a S i l i t y ,  or t w o  ha l f - r a t ed  
u n i t s  each wi th  0.90 r e l i a b i l i t y ,  t he  r e l i a b i l i t y  of t h e  f i r s t  
system is  0.90 while  t h a t  of t h e  second system i s  0.81. 

From t h i s  it i s  evident  t h a t  more stand-by u n i t s  are r equ i r ed  
j i n  t h e  second system. H o w e v e r ,  t h e  second system has s m a l l e r -  

r a t e d  u n i t s ,  and t h e r e f o r e  less weight p e r  u n i t .  The s e l e c t i o n  
now depends on t h e  weight c h a r a c t e r i s t i c s  of  t h e  u n i t s  as a func t ion  
of r a t i n g .  

Using t h e  i n v e r t e r  weight curve presented earlier,  t h e  s i n g l e  
i n v e r t e r  wi th  a standby is  l i g h t e r  f o r  a given r e l i a b i l i t y .  

The following t w o  examples are presented t o  compare a standby 
system wi th  a m u l t i p l e  system. 

lower-rated i n v e r t e r s ,  a l l  opera t ing  simultaneously.  
System 1 i s  t h e  standby system. System 2 c o n s i s t s  of mul t ip le ,  

R i  i s  t h e  i n v e r t e r  r e l i a b i l i t y ,  0.90 

R 1  is  t h e  r e l i a b i l i t y  of System 1 

R2 i s  t h e  r e l i a b i l i t y  of System 2 

Q i  = 1 - R i  
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Example 1 

The system rating is three kVA with a system reliability of 
0.99. 

System 1 requires two 3-kVA inverters. 

2 R1 = 1-(Qi) = 1 - (0.1)2 = 0.99 

From figure 32, the weight of System 1 is: 

(2 units) (64 pounds/unit) = 128 pounds. 

System 2 requires four, 1.5 kVA inverters. 

3 R2 = 1 - (Qi4 +4Qi Ri) = 1-0.0037 = 0.9963 

From figure 32, the weight of System 2 is: 

(4 units) (42 pounds/unit) = 168 pounds 

This example shows that the standby redundant system is 
lighter in weight, However, as example 2 shows, a change in the 
reliability requirement results in System 2 being lighter. 

Example 2 

The system requirements are the same as for example 1 except 
the system reliability is increased to 0.995, 

System 1 requires three, 3-kVA inverters. 

3 R1 = 1 - (Qi) = 1 - (0.ll3 = 0.999 

The weight of System 1 is: 

(3 units) (64 pounds/unit) = 192 pounds 

Referring to Example 1, the reliability of System 2 is 0.9963 with 
four, 1.5 kVA inverters and the system weight is 168 pounds, 

For the second example, System 2 is the lighter. 

The results of the above examples show that the best system 
arrangement, considering only weight and reliability, depends on 
the reliability requirements and the specific weight for the 
inverter. Thus, these two criteria alone cannot be used to select 
a system approach. 
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Obviously, i f  a s i n g l e  i n v e r t e r  m e e t s  t h e  r e l i a b i l i t y  require-  
ments and t h e  system r a t i n g ,  t h e r e  i s  no need t o  add complication 
t o  t h e  system. Should a s i n g l e  i n v e r t e r  no t  m e e t  t hese  require-  
ments, one of t h e  t h r e e  methods descr ibed a t  t h e  beginning of t h i s  
Appendix must be used. 

I f  t h e  f a i l u r e  rate is independent of r a t i n g ,  t h e  f u l l - r a t e d ,  
s ing le- inver te r  system wi th  standby w i l l  genera l ly  provide t h e  
l i g h t e s t  and most r e l i a b l e  system. 
( i s o l a t e d  o r  p a r a l l e l e d )  has t h e  disadvantage of i ts higher  speci-  
f i c  weight. The mul t ip le  u n i t  system i s  b e t t e r  when an add i t iona l  
standby u n i t  is  requi red  wi th  only a few percentage po in t s  missed 
i n  t h e  r e l i a b i l i t y  goa l .  

The mul t ip le  u n i t  system 

The maximum power t h a t  a s i n g l e  i n v e r t e r  can d e l i v e r  is l imi t ed  
by t h e  power r a t i n g  of electric p a r t s  (such as t r a n s i s t o r s )  ava i l -  
ab l e  a t  t h e  t i m e  t h e  i n v e r t e r  i s  designed, Of course,  p a r a l l e l i n g  
of load-carrying elements wi th in  t h e  i n v e r t e r  can provide higher  
power capac i ty  b u t  a t  t h e  expense of increas ing  both s p e c i f i c  
weight and f a i l u r e  rate. U s e  of mul t ip le  u n i t s  (pa ra l l e l ed  o r  
i s o l a t e d )  can improve system r e l i a b i l i t y  with smaller increases  
i n  system weight. The increased  r e l i a b i l i t y  is  achieved because 
one f a i l u r e  wi th in  an i n v e r t e r  wi th  p a r a l l e l e d  components would 
e f f e c t i v e l y  f a i l  t w o  i n v e r t e r s .  

I n  a mul t ip le  system, o lde r ,  more r e f ined  i n v e r t e r  designs 
can be used, and the system r e l i a b i l i t y  can be predic ted  wi th  
confidence. Higher power systems would simply use a l a r g e r  
number of i nve r t e r s .  By c o n t r a s t ,  t h e  standby-type system would 
probably r equ i r e  a new i n v e r t e r  design f o r  each new power l e v e l ,  
, r e s u l t i n g  i n  lower r e l i a b i l i t y ,  less confidence i n  the  r e l i a b i l i t y  
pred ic t ion ,  and h igher  cos t .  

Another advantage of t h e  mul t ip le  i n v e r t e r  system i s  t h a t  
each i n v e r t e r  would be  opera t ing  a t  less than  maximum r a t i n g  
throughout most of t h e  mission. This would provide some in-  
crease i n  r e l i a b i l i t y  s ince  t h e  stress l e v e l s  would be less. 
The p a r a l l e l e d  system would be  b e t t e r  than an i s o l a t e d  system be- 
cause t h e  load on a l l  i n v e r t e r s  would inc rease  incremental ly  as 
i n v e r t e r s  f a i l e d .  The i s o l a t e d  system would r equ i r e  one i n v e r t e r  
t o  assume t h e  to ta l  load  of a f a i l e d  i n v e r t e r .  Another advantage 
of having mul t ip le ,  smal le r - ra ted  i n v e r t e r s  i s  t h a t  i s  one u n i t  
f a i l s  some power i s  s t i l l  ava i l ab le  even though t h e  f u l l  system 
capac i ty  cannot be m e t .  

The choice between a p a r a l l e l e d  load-bus system and an iso- 
l a t e d  load-bus system depends on t h e  load  requirements. 

The i s o l a t e d  load-bus system c o n s i s t s  of s eve ra l  i n v e r t e r s ,  
each furn ish ing  power t o  a load  bus. This approach assumes t h a t  
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no s i n g l e  load is  g r e a t e r  than t h e  capac i ty  of one i n v e r t e r ,  
Should an i n v e r t e r  f a i l ,  t h e  load buses would be interconnected 
such t h a t  the  load could be switched to  an opera t ing  i n v e r t e r .  
The switching arrangement would be comparable t o  t h a t  of a 
p a r a l l e l  system. Control c i r c u i t s  would be required t o  prevent  
one i n v e r t e r  from handl ing more than i t s  r a t i n g ,  Faul t -c lear ing 
capac i ty  of t h e  i s o l a t e d  system would be l i m i t e d  by t h e  c a p a b i l i t y  
of a s i n g l e  inve r t e r .  The weight and r e l i a b i l i t y  of t h e  i s o l a t e d ,  
load-bus system would be s l i g h t l y  better than an equiva len t  paral-  
l e l  system. 

Type of System 

Re l i ab i l i t y  

Weight 

Maximum power 

Complexity 

Results of f a i l i n g  
one 

Faul t  c lear ing  

The p a r a l l e l e d  load-bus system c o n s i s t s  of s e v e r a l  i n v e r t e r s  
each furn ish ing  power t o  a load bus. The load busses would be 
interconnected during normal operat ions.  Current shar ing c i r c u i t s  
a r e  required t o  in su re  proper  d i s t r i b u t i o n  of loads between t h e  
i n v e r t e r s .  The advantages of the p a r a l l e l  system over t h e  i s o l a t e d  
system are (1) higher  f au l t - c l ea r ing  capac i ty  (equal  t o  o r  g r e a t e r  
than a s i n g l e ,  f u l l - r a t e d  i n v e r t e r ) ,  ( 2 )  b e t t e r  overload capaci ty  
f o r  such loads a s  induct ion motors which may r equ i r e  as much as 
500 percent  rated cu r ren t  when s t a r t e d ,  ( 3 )  c a p a b i l i t y  of a con- 
t inuous flow of power even i f  one i n v e r t e r  should f a i l ,  and ( 4 )  
p r a c t i c a l l y  unl imited t o t a l  load capaci ty .  

Standby Redundant 

Improves i n  d i s c r e t e  
s t e p s  a s  more wits 
a r e  added. 

Weight depends on 
r e l i a b i l i t y  

Limited by components 

Simplest 

Momentary l o s s  of 
power 

1.5 pu cur ren t  

Table I1 i s  a summary of the preceding d iscuss ion  on t h e  
m e r i t s  of each approach. The choice of approaches is ,  as  always, 
dependent upon t h e  condi t ions p reva i l i ng  f o r  a p a r t i c u l a r  appl i -  
ca t ion .  

Weight depends on 
r e l i a b i l i t y  

Unlimited - except 
by t h e  l a r g e s t  
s ing le  load 

Comp 1 ex 

Elomentary loss of 
power t o  t h e  f a i l e d  
bus 

Limited by overload 
r a t i n g  * 

Table 11. - Comparison of I n v e r t e r  Systems 

Weight depends on 
r e l i a b i l i t y  

Unlimited - Any 
number of u n i t s  
may be pa ra l l e l ed  

S l igh t ly  more than 
i so l a t ed  system 

No loss of power 

Limited by number of 
inve r t e r s  connected 

Multiple Inve r t e r  
I so l a t ed  Bus 

Any Speci f ied  
r e l i a b i l i t y  can 
be m e t .  

Multiple Inve r t e r  
Pa ra l l e l ed  BUS 

Any Speci f ied  
r e l i a b i l i t y  may 
be m e t .  

n(1.5) pu cur ren t  
Minimum I - 'i5 cur ren t  

I 
* m = number of systems needed t o  supply 1 pu system power 
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